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Abstract
Ion implantation has been investigated as an alternative technique to epitaxial 
deposition for the synthesis and doping of strained Si^Ge* alloy layers. Use of an 
all-implanted process has the potential to overcome many issues and difficulties of 
doping, reproducibility and yield in the commercial production of SiGe 
heterostructure devices.
Samples with different germanium peak concentrations, x (0 < x < 15) were 
synthesised by implantation of Ge+ into bulk Si, and were heavily doped with boron 
or with arsenic (102° cm'3). Some layers were also post-amorphised by Si+ 
implantation. Room temperature sheet resistance and Hall mobility were measured 
using the Van der Pauw method. Depth profiles were obtained using Secondary Ion 
Mass Spectroscopy (SIMS) and Spreading Resistance Profiling (SRP), to determine 
dopant distribution and sheet carrier concentration, respectively. The re-grown 
material quality of selected samples was investigated using cross-sectional 
Transmission Electron Microscopy (XTEM).
As a general trend, an increase in sheet resistance and a decrease in Hall mobility 
was observed with increasing germanium peak concentration in the ion beam 
synthesised layers. However, a speculative approach used to propose values and 
trends in drift mobility (jid) suggested some improvements compared to bulk Si. 
Some confidence in the values of go proposed is given by corresponding values of 
the Hall scattering factor, rn, which are consistent with values reported in the 
literature for similar germanium content and layer thickness. Electrical junction 
depths were reduced in the synthesised layers compared to bulk Si.
Evidence from transmission electron microscopy (TEM) and electrical 
measurements shows that the highest germanium peak concentrations used exceed 
the critical threshold for production of strained SiGe layers after solid phase epitaxial 
growth (SPEG) in accordance with Paine’s experimental model of strain relaxation in 
ion beam synthesised SiGe layers. It is proposed that estimated trends in rn may 
provide a useful source of evidence for strain relaxation.
Furthermore, use of ion beam synthesised SiGe leads to a reduction in diffusion of 
both boron and arsenic, compared to bulk-Si. This is attributed to the formation of 
BGe pairs and/or boron-interstitial (Bl) clusters, and GeAs precipitates and/or A sW  
clusters, which are also responsible for reduced earner activation in the synthesised 
layers. In the As-doped samples, this trend differs from findings reported in the 
literature for deposited strained SiGe layers. Silicon post-amoiphisation improves the 
earner activation in As-doped samples; hence it is postulated that end-of-range 
(EOR) defects act as a barrier to arsenic enhanced diffusion.
It is concluded that an all-implanted route to the production of strained, doped 
SiGe layers is worth incorporating into commercial device manufacture.
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Chapter 1
1. Introduction
During the last thirty years, the microelectronic industry has used silicon as the 
principal semiconductor for the manufacturing of integrated circuit; both for its 
physical and chemical qualities, and for its adaptability to industrial processes and 
device manufacture. For several reasons, silicon is well suited to be used in this field. 
It is very abundant (~ 60% of the earth’s crust), and its oxide (S i02) is very stable 
and which provide both good quality Si/Si02 interfaces in Metal Oxide 
Semiconductor (MOS) devices and potentially provide protection to any underlying 
devices fabricated. Moreover it has a very convenient energy gap (1.12 eV) and 
devices fabricated in silicon are capable of operating at temperatures of up to almost 
200°C [1].
Originally, germanium (Ge) was utilized as the dominant semiconductor 
electronic material for devices [1], but its relatively small band gap (0.67 eV) does 
not allow device operation at temperatures higher than about 90°C, because of the 
thermal generation of intrinsic carriers and associated high leakage currents [2 ]. 
Furthermore Ge does not have a stable oxide (Ge02 is soluble in water, and it 
dissociates at about 800°C) and therefore is not convenient for MOS device 
fabrication.
Currently, silicon technology appears to have an even more promising future with 
the increasing adoption of SiGe [3]: Ge and Si are totally miscible in any proportion 
to form Sii-xGex (0 < x < 1) alloys. The SiGe material system potentially has great 
technological importance for high performance electronic and optoelectronic devices 
[4]. Several silicon semiconductor companies are now developing SiGe technology 
to add to their standard metal-oxide-semiconductor (MOS) and heterostructure 
bipolar transistors (HBT) processes [5]. The advantage of using SiGe alloy for HBTs 
or field effect transistor silicon based devices, lies in the ability to engineer the band
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structure, control dopant diffusion and in particular for MOS devices, enhance the 
free carrier transport properties in the active region of the devices as well as reduce 
the parasitic resistance of the various passive components of the circuits [6 ].
During recent years, device grade structures [3], with relatively low defect 
densities and abrupt Si/Sii-xGex interfaces, have been grown on silicon substrates 
using molecular beam epitaxy (MBE) and chemical vapor deposition (CVD) [4, 7]. 
Schuppen in 2001 [8 ] achieved in MOS devices, under research controlled conditions 
impressive high frequency performance of better than 150 GHz cut-off frequency (ft) 
and 180 GHz maximum oscillation frequency (fmax). In 1999 John et al. [9] produced 
high performance (70 GHz ft) low complexity non-selective Si/SiGe epitaxy devices 
with good low noise figures. However, control of these deposition techniques for 
high volume production of SiGe layers, although already in commercial production, 
is very expensive [3].
As an alternative technique to the epitaxy route for the synthesis of SiGe alloy and 
SiGe/Si heterostructures, several authors [10, 11, 12] have proposed ion implantation 
of high dose Ge+ (generally in the order of 1016 ions/cm2) into single crystal silicon 
in order to produce Sii»xGex graded interface alloy layers with germanium 
concentration up to 2 0 % depending on the specific dose and implantation energy 
used. Under these conditions of high dose, an amorphous layer may be formed, 
whose thickness will depend upon the energy of the implant as well as the power 
loading during the implantation. Thus a thermal process step has to be introduced in 
order to obtain solid phase epitaxial growth (SPEG) and defect annihilation in the 
layer.
Ion implantation is a well-adapted standard technique and is fully compatible with 
existing planar processing technology. It also offers some unique advantages as 
compared with other techniques, such as good control of energy and dose which can 
be readily adjusted to achieve a specific concentration and depth profile. Since it is a 
non-equilibrium process, all elemental species can be implanted 'and buried layers 
achieved without recourse to thermodynamics (diffusion); since the slowing down of 
the ions is a random process, implant syntheses of Si/SiGe/Si heterostructures 
produce graded interfaces, which is potentially useful for application in bipolar 
transistors, as this introduces a built-in electric field which increases the velocity of 
the carriers in the base region of the devices; ion implantation is also a low 
contamination doping technique, and isotopically pure implanted atoms as well as
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high alignment beams can be achieved. Moreover, the process is scalable, and 
concentration depth profiles can be modelled and reproducible [12, 3]. Application of 
ion implantation has led to the fabrication of both NMOSFETs [3] and PMOSFETs 
[11], using a strained Sii_xGex channel, showing higher transconductance in the 
Sii-xGex transistors as compared to Si control devices [9]. There remain, however, 
some fundamental issues to be addressed, related to the impact of high dose implant 
defects on the mobility and life-time in both p and n doped all-implanted 
heterojunction devices.
The research presented here is the first test of an all-implanted process for the 
synthesis and doping of strained Sii.xGex alloy layers with various Ge contents (x) 
[13, 14]. In particular, the research was designed to find optimal processing 
conditions to (a) minimise the sheet resistance, (b) maximise the percentage 
activation of the B and As used as dopants, and (c) maximise the carrier mobility in 
SiGe test structures, with the aim of achieving lower parasitic resistance and higher 
operating frequency in SiGe heterostructure MOS devices.
These aims were addressed using ion implantation to synthesise and dope SiGe 
layers while systematically varying implantation parameters and annealing 
conditions. Materials were tested using the Van der Pauw (VdP) method and Hall 
effect measurement technique was used to perform electrical measurements of sheet 
resistance and Hall mobility. Spreading Resistance Profiling (SRP) was used to 
determine the percentage of free carrier activation. Secondary Ion Mass 
Spectroscopy (SIMS) was used to determine the atomic concentration depth profiles 
of B and As, in order to investigate dopant diffusion. Cross-sectional Transmission 
Electron Microscopy (XTEM) was used to assess the crystal quality of the 
synthesised alloy and to determine the number and the location of extended defects.
Chapter 2 presents a detailed discussion of crystal defects in Si and SiGe alloys, 
as well as properties of SiGe and SiGe/Si heterostructures, including a description of 
electron and hole mobilities. A discussion of relevant papers published in the 
literature is reported in Chapter 3. In Chapter 4, experimental details of ion beam 
synthesis and doping are described, as well as the techniques of analysis used to 
characterise the material. In Chapters 5 and 6  are reported the electrical results for B 
and As, respectively. Chapter 7 contains a general discussion of the findings
Chapter 1 Introduction
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presented in Chapters 5 and 6 . Finally, the main conclusions and suggestions for 
future work are presented in Chapter 8 .
Chapter 1 Introduction
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2. Background theory
2.1. Introduction
In this chapter, some key structural and electrical properties of SiGe alloys are 
introduced. In section 2.2 a description of the crystal defects, which can be formed in 
Si and in SiGe, alloys will be given. In section 2.3 the relevant properties of SiGe 
alloy will be examined and in section 2.4, structural properties of Si]-xGex/Si 
heterostructures will be discussed, with a particular focus on lattice mismatch and 
strain relaxation models for ion beam synthesised (IBS) SiGe alloys. In section 2.4.4, 
the electrical properties of strained SiGe layers will be reviewed, including band 
structure and transport properties.
2.2. Crystal Defects in Si and Si alloys
Silicon and germanium are thermally stable in air at room temperature and at 
atmospheric pressure and they can be mixed to form continuous solid solutions of 
composition Sii.xGex with 0 < x < 1. Germanium and silicon have the same crystal 
structure and form alloys with a diamond crystal structure. The diamond structure 
consists of a face centred cubic (FCC) lattice with a two-atom base. The unit cell is 
shown in Figure 1 and contains four lattice sites and eight atoms [15].
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F igure 1. D iam on d la ttice  structure. It conta in s 4  la ttice  poin ts and 8 atom s per unit ce il [191.
The tetrahedral bonding between atoms in the diamond structure is a characteristic 
of the directional covalent bonding found in Group IV of the periodic table. An 
important difference between Si and Ge is the value of their covalent radii (half the 
distance between two consecutive atoms in the covalent crystal): 1.17 A for Si and 
1.22 A for Ge. Silicon and germanium have lattice constants of «si=5.431 A and 
flGe=5.657 A, respectively.
Single crystal silicon, typically contains imperfections which may be point, 
planar, or volume defects, and which locally disturb the regular arrangement of the 
atoms which may significantly modify the properties of the material [16].
2.2.1 Point defects
All the atoms in a perfect lattice are, ignoring thermal vibrations, located on 
specific atomic sites. In a “pure” Si crystal there are only two possible types of point 
defects that can be formed: silicon vacancies and interstitials. The vacancy is formed 
by the removal of an atom from an atomic site and the interstitial by the introduction 
of an atom into a non-lattice site. Vacancies and interstitials can be produced by 
plastic deformation and by high-energy particle irradiation. In addition, “intrinsic” 
point defects may be introduced into the crystal by effect of temperature: for all 
temperatures above OK there is a thermodynamically stable concentration of point 
defects [16]. The introduction of n vacancies or interstitials in the Si lattice produces 
a change in the free energy (AF) of the structure:
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AF = nEr - T AS Eq. 2.1
Where Er is the formation energy of one defect and AS is the change in entropy of 
the crystal, T is the temperature and n the number of defects. The equilibrium 
fraction of defects which correspond to a condition of minimum free energy, is given 
by [16]:
where nt is the total number of atomic sites and k is the Boltzmann’s constant. 
Experimental values of the vacancy formation energy E vf , which is required to 
remove one atom from the lattice structure and place it on the surface, are ~ 1 eV
The interstitial formation energy E 'f , which is required to remove one atom from the 
surface and place it into an interstitial site, is typically between 2 to 4 times E 'f ,
although ionic charges and valence effects may change this balance [16]. The rate at 
which a point defect moves from site to site in the lattice structure is proportional to 
exp (-Em/kT), where Em is the defect migration energy.
Impurity atoms such as carbon, oxygen or hydrogen in a Si crystal are considered 
“extrinsic” point defects and they play an important role in the physical and 
mechanical properties of a semiconductor. Impurity atoms may be found in two 
different types of site: (a) substitutional, in which an atom in the lattice structure is 
replaced by the impurity atom and (b) interstitial, in which the impurity is sitting in a 
non-substitutional position [16].
Energy is required to form those defects which will cause local distortion in the 
lattice; the amount of distortion and therefore the amount of additional energy 
introduced in the lattice by the defects, depends on the distance between the atoms in 
the lattice and the effective radius of the atom introduced. When the local electric 
charge in the lattice is changed by the removal or the addition of atoms, to conserve 
an overall neutrality the vacancies must occur either (a) in pairs of opposite sign 
which form divacancies known as Schottky defects, or (b) in association with
Eq. 2.2
V )
(1.6 x 1CT19 J) for face cubic centred crystals such as Si and SiGe (see section 2.3).
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interstitials of the same ion, known as Frenkel defects or (c) they combine to form 
simple complex or clusters [16].
2.2.2 Planar defects
A  perfect lattice can be described as a stack of identical atomic layers arranged in 
a regular sequence. A slacking fault is a local region in the crystal where the regular 
sequence has been interrupted. The change in sequence can be the result of removing 
or introducing an extra layer which does not belong to the continuing patterns of 
either the lattice above or below the fault [16]. The presence of stacking faults can 
play an important role in the plasticity of the crystal and they can be also produced 
by sliding process (see paragraph 2.2.3). The associated energy per unit area of fault 
is called the stacking-fault energy which in Si and in Ge has a value of = 50 mJ m '2 
[16]. Planar defects may also be associated with secondary defects or dislocations, 
which form during thermal processing of ion implanted material.
2.2.3 Volume defects
Volume defects can be precipitates, inclusions or dislocations which may also 
form during thermal processing of the material. In the absence of dislocations, the 
sliding of one plane past an adjacent plane is a rigid co-operative movement of all the 
atoms from a position of perfect registry to another. The shear stress required for this 
process to occur, is proportional to the shear module (ji) and to the shear translation 
of the two rows away from the low-energy equilibrium position (equation given in 
ref. [16]). When dislocations are present, they can follow two types of movements: 
(a) glide motion in which the dislocation moves in the surface which contains both its 
line and the Burgers vector and (b) climb motion in which the dislocation moves out 
of the glide surface normal to the Burgers vector [16] (explained further). Glide of 
many dislocations result in slip , which is the most common manifestation of plastic 
deformation in crystals. Si and SiGe as well as all the face-centred cubic crystals 
have four {1 1 1 } planes with three (l 10) directions in each and therefore they have
twelve {111} (l 10) slip systems [16]. The geometry of a perfect or total dislocation
is a line-defect bounding a slipped region of crystal. A circuit of 5 atoms square 
enclosing this line drawn around the atoms, (which would close in “perfect” 
material) have a closure failure as shown in Figure 2; this closure failure is called 
Burgers vector of the dislocation, when drawn around the dislocation core X [22].
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F igure 2  Illustration o f  the B urgers vector b o f  a total d islocation . T he core o f  the d isloca tion  is at 
X  [F rom  ref. 2 2 ],
For a total dislocation, the Burgers vector is a lattice translation vector and its
value is constant even if the line direction of a given dislocation may vary arbitrarily
(a convention for the determination of the sign of the Burgers vector is to draw the
circuit of the dislocation from start S to finish F in the direction of a right-handed
screw, RH-called FS/RH convention). A total dislocation cannot end within the bulk
of the crystal, but must terminate at an interface with a non crystal; this interface
generally is a free surface, but may also be an interface with amorphous material or
at a node with another defect, or upon itself to form a loop [22]. If the defect density
is relatively low and interaction between dislocations is therefore unlikely, they will
have to terminate at the nearest free surface; this requires the presence of threading
dislocations which move across the layer from the interface to the surface. In
general, each misfit dislocation is associated with a threading defect at each end,
unless the misfit dislocation grows sufficiently to terminate at the wafer edge or for
example at a mesa feature. The propagation of misfit dislocations occurs by lateral
propagation of the threading arm [22]. The character of a misfit dislocation is defined
by the relationship between its line direction u and its Burgers vector b. When b is
parallel or antiparallel to u the defect is known as screw  dislocation; when b is
perpendicular to u, the defect is known as edge dislocation. In intermediate
configurations, the dislocation is said to be mixed character. A dislocation has a self-
energy associated with the distortion it produces in the surrounding substrate which
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arises both inside and outside the dislocation core [22]. The dislocation core energy 
is not well known, but depends on both the type of material (nature of interatomic 
bonding) and the Burgers vector and character of the dislocation. The dimension of 
the core for elemental semiconductors has been estimated theoretically and 
experimentally by Hirth and Lothe in 1982 [23] to be its diameter (of the order of 
magnitude of the Burgers vector). The Burgers vector of a total dislocation is the 
minimum lattice translation vector in a given class of crystal structure and for the 
FCC structure of Si, SiGe and Ge, this minimum vector is a/2 (Oil) [22].
Total dislocations can be dissociated into partial dislocations. A partial 
dislocation is a dislocation in which the Burgers vector is not a lattice vector. A 
common partial dislocation in FCC structures corresponds to a stacking fault along 
the ( i l l )  directions with a Burgers vector of a/6  (l 12) or a/3 ( i l l )  and they are
called Shockley and Frank partials, respectively. Only the Shockley partial can glide 
within {111} planes [8 ]. Hull et al. [22] characterized the different partials according 
to the angle 0 between their line directions u  and Burgers vectors b. For dissociation 
from the 0 = 60° a/2 (011) total dislocation, the two a/6  (112) partials have 0 = 30° 
and 0 = 90°, respectively.
2.3. Properties of SiGe alloy.
The Si-Ge phase diagram was determinated by Stohr et al. [17] using thermal and 
X-ray analysis and is shown in Figure 3. The two lines represent the equilibrium 
phases between the solid phase delimited in the diagram by the upper line and the 
liquid phase (delimited by the lower) as a function of temperature and germanium 
concentration. The region between the lines represents a large range of solid-liquid 
coexistence phases, which make the SiGe alloy a system with strong segregation; 
Since Si has a much higher melting temperature (1412°C) compared with Ge 
(940°C), the preparation of a homogeneous solid solution from the molten phase is 
not easy, as the Si strongly segregates [18]. Ion beam synthesis, being a non­
equilibrium technique, is therefore a very convenient method for the preparation of 
SiGe alloys, albeit only thin films layers; typically of thickness ranging between 10 
to 400nm.
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F igure 3 P h ase  diagram  o f  the S iG e  a llo y  system  b e tw een  the m elting  point o f  e lem enta l S i and G e  
(from  ref. [18 ]).
Although, Si and Ge have the same crystal structure and are completely miscible 
in any proportion [18], the difference between their lattice constants (see section 2 .2 ), 
results in the larger lattice constant of the Sii_xGex alloys (depending on germanium 
concentration) compared to bulk Si, causes a biaxial compressive strain between the 
silicon substrate and an epitaxially grown SiGe layer.
2.4. Properties of SiuxGex/Si heterostructures.
M J. Shaw et al [19] showed that the fundamental origins of strain in 
heteroepitaxy are from two sources: (a) the difference in lattice parameters, and (b) 
differential thermal expansion coefficients, between epitaxial deposited layer(s) and 
the substrate.
A precise and comprehensive determination of bulk lattice parameters and 
densities across the whole Sii.xGex alloy system is the work presented by Dismukes 
et al. in 1964 [20]. Table 1 lists the lattice parameters of Sii.xGex alloys at 25°C for 
intervals of 5 at. % Ge [18]. These data reveal a small negative deviation from 
Vegard’s law [21], which estimates the alloy lattice parameter by linear interpolation 
between the values for pure Si and pure Ge, according to the relationship:
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a (x) = asi + x(aGe - asJ Eq. 2.3
where a (x) = 0.0069 nm, for x = 0.5 (see Table 1). This is a parabolic fitting of 
the data of Dismukes et al. for the Sii.xGex lattice parameter as a function of Ge 
content x as reported by H.-J. Herzog in 1993 [18].
X
(at %  Ge)
a(x)
(nm)
A
0 0.543 H)
5 0.54410 -0.0004
10 0.54522 -0.0014
15 0.54624 -0.0026
20 0,54722 -0.0041
25 0.54825 -0 0051
30 0,54928 -0.0062
35 0.55038 -0,0065
40 0.55149 -0.0067
45 0.55261 -0.0068
50 0,55373 -0.0069
55 0.55492 -0.0063
60 0.35609 -0.0060
65 0,55727 -0,0055
70 0.55842 -0.0053
75 0.55960 -0.0048
80 0.56085 -0.0027
85 0.56206 -0.0023
90 0.56325 -0,0019
100 0.56575
T able  1. L attice param eter a (x) o f  S i] .xG ex a lloys for  x  from  0  to  100 at.% in  5% steps [18]
Because the discrepancy between the linear prediction and experimental data is of 
the order of 0 .1%, it is reasonable to approximate a(x), at room temperature, using 
the linear form:
a(x) = 0.5431 + 0.0227x nm Eq. 2.4
In the context of this project, if we consider a thin epitaxial layer (= 1 Jim alloy on 
silicon substrate), with lattice parameter aj deposited on an infinite substrate with 
lattice parameter as, which is elastically accommodated and with equal thermal 
expansion coefficients, then the elastic strain (£o) in the epitaxial layer is given by the 
expression:
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£ 0 = 2(ai -  as) / (ai + as) ~ (aj -  as) / as Eq. 2.5
When we consider the linear form instead of the parabolic fitting model the 
estimated elastic strain may differ by no more than (7%) [22]. Therefore, from the 
equation reported in [23], the elastic strain for a Sii-xGex epilayer on a Si substrate is 
given by:
£o(x) = 0.0409x Eq. 2.6
Elastic properties of SiGe alloy are generally described by two parameters: (i) the 
Poisson ratio (v) and (ii) the shear modulus (|n). In the approximation of the ideal 
condition (elastic isotropy), V and (J, are proportional to the elastic constant of the 
alloy (Cy), which defines the balance between the strains and the stresses in a 
distorted material [23].
2.4.1 Strain related phenomena (lattice mismatch)
The lattice mismatch strain is the driving force for several phenomena that control 
the equilibrium state of heterostructures and it can be accommodated by several 
mechanisms. The most important of these in the current context are (b) plastic 
relaxation via misfit dislocations and (c) elastic distortion of the thin film epitaxial 
layer, both of are shown in Figure 4. Additional mechanisms are interdiffusion across 
the epilayers/substrate interface and roughening of the surface especially in the case 
of a thin epilayer, typically less than 20 nm [22]. The latter will not be discussed here 
because they are not relevant to IBS SiGe, being typical phenomena during epitaxial 
deposition by CVD or MBE.
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F igure 4  S ch em atic  illustration o f  m ech an ism s for  accom m odation  o f  lattice  m ism atch  strain: (b) 
p lastic  relaxation  via  m isfit d isloca tion s and (c) e la st ic  d istortion o f  ep itaxial layer (from  ref. [25 ]).
Figure 4 shows (a), the difference in lattice constant between a silicon layer and 
the SiGe epitaxial layer, (b) the formation of a relaxed SiGe layer with formation of 
misfit dislocations; in this case, some bonds at the interface are missing or distorted, 
allowing the epilayer to relax towards its bulk lattice parameter. Finally Figure 4 (c) 
shows the case of coherent bonding across the interface which is achieved by elastic 
distortion of the epilayer (strained layer, also known as pseudomorphic or coherent). 
In this case, in the plane of the interface, the lattice parameter of the epitaxial layer is 
distorted so as to assume the lattice spacing of the substrate atoms. Perpendicular to 
the interface, the epilayer lattice parameter relaxes to form a tetragonal distortion of 
the unit cell [22]. The magnitude of the strain increases with the degree of mismatch 
between the lattice parameters of substrate and epilayer, as well as the thickness of 
the epilayer. Freund [30] found that for a given combination of substrate and 
epilayer, there will be a critical thickness (hc) of the epilayer beyond which the level 
of strain is no longer balanced by the bonds at the interface. Beyond hc, lattice 
mismatch strain is usually accommodated by the formation of misfit dislocations 
creating a relaxed layer (also known as unstrained or dislocated).
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2.4.2 Thermal mismatch
SiGe alloys generally have temperature-dependent lattice parameters, from the 
thermal expansion coefficients which are temperature dependent [22]. The linear 
thermal expansion coefficients a(x, T) for GexSii-x alloys have been measured by 
Wang and Zheng [24]. The values of a(x, T) showed a non-linear relationship with 
Ge fraction and temperature, except in the range 0-800°C, where a linear 
interpolation between otsi and ace can be made with a confidence of 30% [22].
Although thermal mismatch strains are relatively small compared with the lattice 
mismatch strains, Cristiano et al [25], found that they can become relevant when a 
thick epitaxial layer is formed. In this case, lattice mismatch strains relax with the 
formation of misfit dislocations at the crystal growth temperature, but thermal 
stresses during the cooling down process can lead to the formation of further 
dislocations (partial/total) [2 2 ].
2.4.3 Models o f strain relaxation fo r  SiGe/Si heterostructures.
There are several models, involving the calculation of the critical thickness hc, 
which describe whether strain in a lattice mismatched Sii„xGex heterostructure results 
in misfit dislocations or is accommodated elastically. All of these models compare 
the energy of the strain which is relaxed by formation of misfit dislocations, with the 
energy associated with the dislocations. In particular, Hull [26] showed that when the 
relaxed strain energy is greater than the energy of the defect, formation of misfit 
dislocations are energetically favoured and the critical thickness correspond to the 
balance of those two terms.
Matthews-Blakeslee in 1974 [27] analysed the net force on a threading dislocation 
in relation to the primary stresses acting on the dislocation itself [22]. An illustration 
of these stresses is given in Figure 5. Ga is the lattice mismatch stress which induces 
the formation of misfit dislocations by lateral propagation of the threading arm (see 
Figure 6 ), thus relaxing the lattice strain along its free lattice parameter [22]. 
However, the threading dislocation has an internal energy which arises due to the 
strain induced by the surrounding SiGe crystal, and that produces a restoring stress 
Gt which inhibits the growth of the misfit dislocation. In addition, for partial misfit 
dislocations (which are mutually inhibited by the interaction of their crystal stress 
fields and which are driven apart on their common {1 0 0 } planes inducing a line of 
stacking fault between them on the same plain [26]), there is also a restoring force
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due to the energy of the stacking fault, Gsf. Therefore, the “excess stress”, Gex, is 
given by the following expression [2 2 ]:
Gex = Ga - Gf - Gsf Eq. 2.7
Figure 5  S ch em atic  illustration o f  th e M a tth ew s-B la k eslee  m odel o f  critica l th ick ness (from  ref.
22)
F igure 6 M isfit d islocation  (A B )/T h read in g  d isloca tion  (B C ) d efect com bin ation , form ed at the 
Sii_xG ex/S i in terface (from  ref.22).
Matthews et al [27] determined the value Gex as a function of epilayer thickness. 
Figure 7 shows an example of the variation of Gex as a function of thickness of the 
Sii_xGex epitaxial layer for an alloy composition with x=0.25. When Gex < 0, the 
introduction of misfit dislocations increases the energy of the system. When Gex = 0, 
the thickness of the layer, h = hc where hc is the critical thickness. When Gex > 0 the 
formation of misfit dislocation will be energetically favourite.
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Figure 7. V ariation o f  a cx as a fu n ction  o f  the ep ilayer th ickness for  S i1.0 25G e0.25 (from  ref. [2 2 ])
The Matthews-Blakeslee [27] also introduce a prediction for the critical thickness 
for the SiGe layer as a function of Ge content for different values of a  (factor which 
describes the core energy of the dislocation ), reported in Figure 8 .
Figure 8. M atth ew s-B lak eslee  pred iction  o f  the critical th ick ness hc in th e S i i .xG ex/S i (1 0 0 )  
heterostructure, as a fu nction  o f  G e content and for d ifferen t va lues o f  th e core en ergy  param eter a .  
E xperim ental va lu es o f  hc are inclu ded  for d ifferen t grow th/annealing tem perature (°C ) from  the w ork  
o f  (a) B ean  e t al., (1 9 8 4 ), (b) K asper e t a l., (1 9 7 5 ), (c ) G reen et al. (1 9 9 1 ) , and (d) H oughton et al 
(1 9 9 0 ) (from  ref. [2 2 ])
For lower growth temperatures the experimental values diverge from the theory, 
with larger critical values being recorded as the growth temperature decreased. Other 
parameters, like the kinetic of the misfit dislocation generation [2 2 ], have to be taken 
into account to predict the formation of misfit dislocations; those are not discussed 
here, as this project involved the synthesise of SiGe/Si heterostructures by ion
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implantation and not by epitaxial growth and therefore they are not relevant in this 
content.
Paine et al. in 1991 investigated alloy layers formed by Ge+ implantation and 
presented a model [28] which enabled the author to predict the critical Ge+ dose 
above which strain relaxation will occur during solid phase epitaxy regrowth of ion 
beam synthesised Sii-xGex/Si and SiyGei_y/Gey alloy layers. The model was tested 
experimentally by implanting Ge+ into Si at 200keV and Si+ into Ge at 150keV. In 
this section, only Si].xGe/Si heterostructures where Ge+ has been implanted into Si 
will be examined. Paine et al. [28] found that for low dose Ge implants, the lattice 
mismatch (which varies with depth) can be entirely elastically accommodated during 
solid phase epitaxial growth (SPEG) and the resulting epitaxial layer is free of 
defects. In the case of IBS SiGe the Matthews-Blalceslee model [27]. has to be 
modified due to (i) the absence of a well-defined compositional interface which 
make the calculation of the position of a defect in the strain layer more complex and 
(ii) the compositional profile has to be considered when calculating the amount of 
strain that can be accommodated elastically in the regrown material [28]. In previous 
experimental work Hirth et al. found [29] that relaxation of IBS Sij.xGex on Si during 
SPE involves 90° a /6 (l 12) partial bounding stacking faults. Because the value of the 
critical thickness depends on the type of defects, the formation of stacking faults, 
together with the formation of misfit dislocation are considered in Paine’s model. A 
stacking fault normally is bound at one end by the free surface of the material and at 
the other end by a partial dislocation with a Burgers vector of b = a/6<112> which 
lies in the (001) plane. Considering stacking faults lying parallel to the (111) plain, 
the Burgers vectors of the possible bounding partials are: [ 1 12], [1 21] and [211] 
([28]). In addition, Paine found that the line direction of a partial dislocation lies in 
the <110> plain, the first mentioned partial dislocations will lie at an angle of 90° to 
the [ 1 1 0 ] line direction (edge type dislocations), while the latter will make an angle 
of 30° [28].
In the analysis of the critical thickness associated with abrupt interfaces, the 
component of strain which generate misfit dislocations, lies at the interface between 
substrate and strain layer. In the case of Ge implanted into Si the stable position in 
the film at which the forces acting on the defect (which cause it to move along its 
glide plain), are balanced. The analysis only indicates the location of a defect in a 
graded layer without verifying whether the formation of the defect is energetically
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favoured [28]. Moreover, the analysis assumes that the SiGe layer is fully regrown 
and therefore, the defect can be anywhere in the strain gradient moving along its 
glide plain (see Figure 9).
Figure 9. Schem atic view  o f the position of the force-balanced defect which lies on a {111} glide 
position (from  ref. [28]).
The Paine theory involves the presence of three forces acting on the dislocation 
which force it to move along the glide plain:
(1) An image force Fim (per unit length) due to the presence of the free surface 
which acts to pull the dislocation towards the surface and is inversely 
proportional to depth:
Fim = [be2 + (1-V) bs2] Eq. 2 .8
4^ (1 - v )
Where p. is the shear modulus, be and bs are the edge and screw components of the 
Burgers vector, v is the Poisson’s ratio, and a  is the angle (54°) that the wafer plain 
makes normal to the surface and the {1 1 1 } plain [28].
(2) If the dislocation is a partial which bounds a stacking fault, there will be an 
additional force FSf (per unit length), due to the surface energy of the stacking fault, 
y, acting to pull the partial dislocation along the glide plain towards the surface [28]:
Fsf = Y Eq. 2.9
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(3) A third force Fpk (per unit length), due to the lattice mismatch, will act (against 
the balance of the previous two forces) to move the dislocation along the glide plain 
away from the surface:
e0 is a constant of proportionality relating strain to composition, R p  and A R P  are 
the mean projected range and the deviation from the projected range which describe 
the Gaussian implant distribution for a given implant energy, implanted specie and 
substrate. The position of the defect will be at the depth where the three forces are 
balanced: Fjm + FSf = Fpk. In Figure 10 shows the depth distribution of the forces 
acting 011 the dislocation with two positions where the forces are balanced. One 
position is closer to the surface which represents a non-stable equilibrium of the 
defect and another one deeper into the substrate, which is to the depth at which the 
defect is stable. This latter is referred as Xd and it is shown in Figure 11.
Fpk = bea 0(Y)sin a Eq. 2.10
Where:
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Figure 11. Defect position (xd) for the three types of strain relieving defects as a function of the 
peak concentration o f Ge implanted into (O O lj) S i at 200keV (from  ref. [28]).
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Paine’s model uses Xd as a parameter to define the position of the 
amorphous/crystalline interface with respect to the surface before SPEG. The 
thickness of the regrown layer with non-abrupt interfaces is then (Xd -  y). According 
to Freund [30] the work done to create a unit length of dislocation is WdjSi. When the 
partial dislocation is bound to a stacking fault lying on the {1 1 1 } plain, the work 
(Wnuiit) to produce a stacking fault across the SiGe layer also has to be considered
Where y is the stacking fault energy of 60mJ/m2 for Si [28]. The work to 
introduce the defect has to be balanced by the work done by the layer stresses, which 
vary with position in the layer and therefore are a function of y:
In order to calculate the position yc> when the a/c-interface reaches the critical 
strain energy and a particular defect is energetically stable, the equation 
W d i s l  + W f a i l l l  + W I a y e r  =  0 must be considered [28]. In calculating the critical dose, as a
function of implant energy, Pain et al [28] used p. = 7.96el0 Pa, V = 0.28, y = 
60mJ/m2 (for the 30°, 90° and 60° dislocations) and tabulated implant profile data for 
R p  and AR p  for implanted energies between 50 and 200keV Ge. The curve in 
Figure 12 shows the critical Ge peak concentration as a function of implant energy, 
for various defects.
[28]:
Eq. 2.11
Eq. 2.12
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Figure 12 C ritical peak concentration as a function o f G e im plant energy for 30° and 90° stacking 
faults and for the 60° m isfit dislocation, respectively (from  ref. [28 ])
Paine et al. [28] compared the data in Figure 12 with plan-view TEM data, and 
showed that the strain energy model can be used to predict the formation of strain 
relaxation defects, although they failed to predict the formation of misfit dislocations, 
in layers with grater than ~ 3 at % Ge peak concentration. According to Figure 12, 
60° dislocations should be present in samples implanted with Ge at 200keV and with 
a peak concentration of about 3%, however they found no defects in the samples. 
The explanation they give is that the model was over simplified as they did not 
include the effect of dislocation interactions and the kinetic constraints of glide and 
climb. Furthermore, tabulated implant profiles rather than actual profiles contributed 
to the difference between the predicted defect position and the actual [28].
2.4.4 Electronic properties
The SiGe alloys form a continuously variable system of silicon and germanium 
(see section 2.3) with a wide range of energy gaps. For strained Sii_xGex layers the 
band structure is altered compared to pure Si or pure Ge by the built-in strain which 
is determined by the lattice constant of the substrate and the alloy’s composition. The 
values at room temperature for the energies of indirect bandgap for Si and Ge are
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respectively 1.12 and 0.66 eV. For strained SiGe on Si the tetragonal distortion, 
caused by biaxial strain, shifts and splits the valence and conduction band edges and 
thus alters the energy gap [31].
In particular, strain has two main effects on the bands structure of Sij_xGex; (a) the 
hydrostatic strain causes a shift in the absolute energy position of the band and (b) 
the biaxial strain causes a split in degenerate bands [32]. Figure 13 shows a 
schematic representation of those two effects.
Figure 13 Schem atic representation o f the effect o f hydrostatic and biaxial strains on a trip ly 
degenerate band (from  ref. [32 ]).
In unstrained Sii_xGex layers, the presence of Ge reduces the minimum of the 
bandgap energy from the value of pure Si. However, the decrease of the energy 
bandgap is not linear with increasing Ge fraction (x), as shown in Figure 14. In the 
case of strained Sii-xGex on Si, a further reduction of the bandgap is observed, due to 
the biaxial strain which splits the degenerate conduction and valence bands [32].
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Figure 14 Indirect energy bandgap as a function of germanium content for unstrained (solid curve) 
and strained (dashed curves) S ii.xGex (from  ref. [33]).
The strain-induced changes in the conduction and valence bands in strained SiGe 
will also affect values of electron and hole mobility due to intra- and inter-valley 
scattering [34].
2 . 4 . 4 . 1  E l e c t r o n  a n d  h o l e  m o b i l i t i e s  i n  t h e  S i G e  s y s t e m
The carrier mobility investigated in this project describes, in conditions of low 
electric field and in the absence of a magnetic field, the linear relationship between 
an electric field E  and the earner drift velocity v d  as follows [35]:
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v d  = p E  Eq. 2.13
The carrier mobility p can also be expressed as a function of the electron charge e, 
the effective mass m *  and the scattering time 11:
= Eq. 2.14
rn
T( represents all scattering mechanisms that a carrier encounters when it moves 
through a semiconductor in the presence of an electric field and ~  is the sum (within
tire limits of the wave-vector-independent relaxation time approximation [35]) of all 
the reciprocal scattering times associated with the respective scattering mechanisms.
— =  Y —  Eq. 2.15
t ,
The drift mobility of strained SiGe has four predominant scattering mechanisms: 
(1) nonpolar optical, (2) acoustic phonon, and (3) alloy, which are associated with 
the lattice, and for doped SiGe an additional scattering due to (4) ionised impurities. 
In particular, the alloy scattering mechanism arises from local fluctuations in the 
Coulombic potential due to local variations of composition [149]. Because these 
fluctuations are independent of temperature, the scattering relaxation time, is also 
independent of temperature and can be define as follow [149]:
1 71
=  ~ U z x ( l - x ) N ( E )  Eq. 2.16
a^lloy b
where Tan0y is the alloy relaxation time, U the interaction potential, N (E) the
density of states and x the germanium fraction. It has been demonstrated by Stroud et
al [36] that the alloying effect (although the actual alloy scattering mechanism in the
conduction band is small) is significant. To summarise, the relaxation time can be
calculated by combining all the scattering mechanisms (see Eq. 2.15), under the
following assumptions [149]: (a) optical scattering occurs inelastically, (b) the
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acoustic scattering is perfectly elastic, (c) holes/electron scattering is isotropic and, 
(d) hole/electron degeneracy effects are small and hence hole-hole scattering is 
negligible. Furthermore, in order to calculate the mobility, the alloy scattering is 
assumed to be independent of temperature and that the scattering mechanisms only 
change due to distortion of the band structure.
The development of a theoretical model to predict experimental values of mobility 
in SiGe and channel mobility (jj.ch) for MOS devices, is still at a early stage [35]; 
partly because most simulations refer to values of drift mobility ([id), whereas 
experimental data mainly concern the determination of Hall mobility (jih) and sheet 
resistivity (Rs), where Hall measurements involve the presence of a magnetic field 
which will affect the scattering mechanisms. The values of drift and Hall mobility 
are not identical, where:
p H = r H n d  Eq. 2.17
in is the Hall scattering factor and it is usually of the order of 1, but can be close 
to 2  in particular situations (e.g. in the case of room temperature hole mobility of 
pure Ge [37]). The Hall factor is also a function of temperature and doping 
concentration and knowledge of the appendance upon these parameters is 
fundamental for the development of theoretical models [35]. Another obstacle to the 
development of accurate mobility models concerns the difficulty in fabricating 
Sii_xGex bulk crystal with homogeneous Ge content (x) and a controlled doping 
concentration over the complete range of x (0  < x < 1) in order to obtain a significant 
range of experimental data [38]. Currently, new epitaxy techniques have overcome 
this constraint, but no systematic mobility investigation on relaxed bulk-like Sij-xGex 
epilayers has been performed to date because of the dominant technological interest 
in pseudomorphic strained layers [39], In 1997 Bufler et al. [40] reported values of 
minority and majority electron mobilities for unstrained and strained Sii-xGex alloys 
up to 30 at %  Ge. They found the mobility was reduced with increasing Ge content at 
low doping concentrations by alloy scattering, which dominates over impurity 
scattering in this conditions [41]. At higher doping levels (> 102° cm*3), the relative 
fraction of alloy scattering in the total scattering rate is reduced and the value of the 
mobility increased in strained SiGe compared to bulk Si [41].
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In the work reported in this thesis, both direct measurements of Hall mobility and 
calculated values of drift mobility are discussed in relation to values of the Hall 
scattering factor reported in the literature (section 7.3.4) for Ns=1020 cm ' 3 and 
0<x<15.
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3 . Literature Survey
3.1. Introduction
Many researchers using various deposition techniques such as molecular beam 
epitaxy (MBE), ultrahigh vacuum chemical vapour deposition (UVCVD) and ion 
beam sputtering have investigated the formation and material properties of SiGe/Si 
heterostructures [42]. In the early 1990s, Selvakumar et al. [43, 44] adopted ion 
implantation to synthesise thin layers of SiGe alloy as result of an interest in 
investigating technologies compatible with integrated circuit (IC) manufacture, as an 
alternative to epitaxial deposition, which is difficult and expensive to integrate into
silicon fabrication device technology. However, high dose Ge+ implantation
16 2 * *(typically - 1 0  ions/cm ) is necessary to form the SiGe phase, which introduces
residual defects, which degrade the quality of the crystal [45]. In this survey, a
particular focus will be given to those defects (especially End Of Range, EOR)
which are known to affect dopant diffusivity, in particular, boron diffusion.
One of the most powerful techniques to observe crystal defects is Transmission
Electron Microscopy (TEM) [6 6 , 46,47], which is extremely useful in detecting very
small defects such as EOR, which are of the order of few nm.
3.2. Ion beam  synthesis o f SiGe alloy by Ge+ implantation.
Germanium implantation into silicon has been used over many years, especially to 
preamorphise silicon prior to dopant implantation, thus avoiding profile broadening 
due to channelling [48, 49]. Typical doses required to achieve amorphisation are of 
the order of ~1015 Ge+/cm2 at energies between 100 and 200 keV, and annealing 
temperatures above 500°C are required in order to remove the damage to the 
implanted layer [52] by SPEG. However, these conditions are not suitable for the
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purposes of SiGe synthesis, since the germanium peak concentration is far below 1 at 
%. One of the first syntheses of SiGe alloys was attempted by Krautle in 1975 [50], 
where SiGe alloy with -  10 at % Ge peak concentration was obtained by implanting 
germanium at 35 lceV with doses up to 3 x 1016 Ge+/cm2. Subsequently, in 1981, 
Mazey and co-authors [51] showed that, for germanium peak concentration higher 
than 14 at % ,  a highly disordered structure was formed after solid phase epitaxial 
growth (SPEG), suggesting that relaxation of the SiGe layer had occurred with 
possible formation of dislocations. With the growing interest in SiGe material from 
the microelectronics industry for its bandgap engineering properties, together with 
the production problems in scaling epitaxial deposition processes and their high 
costs, ion implantation was proposed as an alternative method to MBE, UHV or 
CVD to produce Sii-xGex crystalline layers for device purposes [45, 52, 53]. 
Regrowth behaviour of IBS SiGe as a function of germanium content with Ge+ 
implanted at 200 lceV was extensively investigated by Paine and co-workers [54, 
124], The authors found that, during the initial stage of regrowth at -  590°C, and 
until the advancing a/c interface into the SiGe layer reached a position where the 
germanium peak concentration was ~ 10  at %, the a/c interface was planar with a 
morphology characteristic of bulk-Si {011}. However, when a critical value of the 
germanium peak concentration was exceeded, the morphology changed from a planar 
to a faceted interface {111}. This transition was observed by the authors to appear in 
the vicinity of the projected range of the implanted Ge+. In addition, extended defects 
(appearing as “V” shaped stacking faults from XTEM analyses) were found in fully 
relaxed SiGe layers in association with the faceting of the a/c interface during 
thermal annealing. Furthermore, the authors reported that the regrowth rates of the 
SiGe alloys was lower than that of pure silicon. Subsequently, Paine and co-authors 
[55] proposed a theoretical model (see section 3.4.3) which predicts the critical dose 
above which strain relaxation occurs during solid phase epitaxy in ion beam 
synthesised (IBS) Sii_xGex/Si and SiyGei.y/Gey alloy layers, under the assumption 
that the defects formed during relaxation were stacking faults bounded by 90° partial 
dislocations, although this was not actually the case for the relaxed layers fabricated 
in their experiment. Critical thickness calculations for Ge+ implanted into silicon 
made by Elliman et al [56] and others [57, 58, 59], 60], based on the Paine’s model, 
reported good agreement with experimental data over a wide range of implantation 
energies. In 1999 Cristiano and co-authors [61] presented an empirical model
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identifying, for each Ge+ implantation energy, a critical value of the germanium peak 
concentration, above which extended defects nucleate in the vicinity of the 
germanium depth profile and extend up to the surface. They also determined a 
critical value of elastic energy stored in the structures of ~ 300 mJ/m2, above which 
IBS SiGe alloys relax, irrespective of the implantation energy. This model was 
successfully tested on single crystal SiGe alloy layers obtained by implanting Ge+ 
between 70 and 400 keV, followed by Si+ post-amorphisation and SPEG at 700°C, 
including those samples containing relaxation-induced defects. Finally, the authors 
compared the model to Paine’s theoretical model and with experimental data 
available in the literature. Figure 15 shows a comparison of the data presented by 
Cristiano et al. [61] (circles) and data published from other studies (other symbols). 
The solid line shows the critical germanium peak concentration as a function of 
implantation energy, above which the structures are relaxed (filled symbols).
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Figure 15 C ritical peak G e concentration versus implantation energy, assuming a critica l value of 
elastic energy o f 300 mJ/m2. The figure also shows the predictions versus the Paine model (dashed 
line: theoretical prediction; dotted line: experimental results) and experimental results from other 
published works. Em pty symbols: strained structure. Fu ll symbols: relaxed structures (from  ref. [61 ])
The Cristiano et al. model was taken into account in planning the range of 
germanium peak concentrations for each energy used in the work reported in this 
thesis for the synthesis of strained SiGe layers.
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Elliman et al [56, 60, 62] also studied the effect of strain on the regrowth velocity 
of SiGe alloys during SPEG, by time resolved reflectivity (TRR). They found that 
the regrowth rate in strained SiGe alloys is lower than in bulk-Si. They also reported 
that the regrowth rate is stress related, comparing the same sample implanted with a 
dose of germanium above and below the relaxation threshold. In particular, they 
found that the regrowth velocity of relaxed SiGe alloy is lower than bulk Si. Similar 
results were found by the same authors in thin deposited SiGe layers.
However, more recently, Corni et al [58] suggested that in order to explain the 
reduce velocity of the a/c interface through the alloy region during SPEG, the 
contribution of the interface roughness together with strain has to be taken into 
account. In particular Elliman et al. [63] suggested that the roughness of the a/c 
interface is proportional to the concentration of germanium in the alloy.
Finally, several researchers [45, 64, 65] reported that in order to improve the 
crystal quality of the SiGe alloy layers, low temperatures (down to the temperature of 
liquid nitrogen) implants need to be adopted. These authors reported that for low 
temperature implants, the main effect was a significant reduction in the number of 
EOR defects (see section 3.3.1), whereas no effect was observed on those defects 
which are associated to the strain relaxation of the alloy.
3.3. Primary and secondary defects  caused  by ion implantation
In 1970 and subsequently in 1997, Mayer and co-authors and Baba et al., 
respectively [6 6 , 67], suggested that the main problems related to ion implantation 
are radiation damage and lattice disorder. During ion implantation the ions slow 
down, making a number of collisions with the lattice atoms. During these collisions 
momentum is transferred from the bombarding ion to the lattice atoms, which may 
carry sufficient energy to break the atom-atom bond and, therefore, may displace an 
atom from its lattice site (typical values of displacement energy for silicon range 
between Ed = 10-20 eV/atom [6 8 ]) to form Frenkel pairs (vacancy and interstitial). 
The recoiled atom may itself have enough energy to displace other atoms and 
eventually to create a cascade of atom collisions within the crystal, which will result 
in a highly disordered structure. For a sufficiently high number of displaced atoms, it 
is possible to create an amorphous phase. The amount of energy deposited during 
nuclear collisions which is required to form an amorphous layer is called the 
Threshold Damage Density (TDD) [72], After implantation, high temperature
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annealing (between 500°C and 1000°C) is required to re-crystallise the material, 
although this process usually lead to the formation of extended defects (secondary 
defects). Many researchers have investigated the formation of extended defects [69, 
70, 71], and a systematic analysis of these defects has been presented by Jones et al. 
[72] in 1988. As a result of a detailed TEM investigation of defects, following a wide 
range of species implanted into Si, at various doses, energy, annealing time and 
temperatures, Jones [72] identified five categories of secondary defects (see Figure 
16).
I ii in
iv v
Figure 16 Graphs showing the relationship between the damage density depth distribution and the 
effective Threshold Damage Density (T D D ) leading to different categories of defects (from  [72]).
Category I secondary defects, also known as “sub-threshold damage”, are formed 
when the dose of the ions is insufficient to produce an amorphous layer (see Figure 
16 I). These defects are located at a depth in the vicinity of the peak of the ion 
distribution ( R p ) and they are mainly perfect dislocation loops lying on {1 1 1 } 
planes [73]. The point defects left over after recombination with vacancies and 
interstitials will be, according to Jones, mainly interstitial clusters, which have been 
estimated by Sadana et al. to be -  20 A in size [74] In addition to the dislocation 
loops, silicon implanted with light ions, such as B+ or Ne+, and annealed at 
temperatures below 700°C, also shows “rod-like” defects which have a {311} habit
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plane [75]. In 1996, Cacciato et al. [76] suggested that dislocations may occur during 
annealing due to the condensation of Si interstitials which are released during the 
annihilation of damage created by ion implantation (mainly small Si clusters of 
displaced atoms) [76]. These dislocations were observed when the number of Si 
atoms displaced by the implant, was higher than a critical number varying with the 
mass of the implanted species from ~1.5e 16/cm2 for n B to ~2el7/cm2 for 121Sb [77].
Category II defects, also named End-Of-Range (EOR) defects, are formed when 
the damage density is above the TDD (see Figure 16 II) and they are associated with 
Solid Phase Epitaxial Growth (SPEG) of the amorphous Si formed during ion 
implantation. They are formed in the vicinity of the original amorphous- 
Si/crystalline-Si (a-Si/c-Si) interface in the implanted material [78]. A more detailed 
explanation of these is given in section 3.3.1.
Category III defects are associated with imperfect regrowth of an amorphous layer 
produced during implantation. The major type of category III defects are: “hairpin” 
dislocations, microtwins [79] and segregation related defects [80] which may coexist 
[72]. Early observations of type III defects were made by Glowinski et al. in 1975 
[81]. After implantation of 270keV Si in Si (001) and annealing at 600°C for 2h and 
800°C for lh, a band of perfect dislocation loops with a a/2 (llO) type Burgers
vector was found lying on the plane intermediate between {1 1 1 } and {1 1 0 } between 
500 and 600A (in correspondence with the a/c interface) and half-loop dislocations 
were found (hairpin) starting from the a/c interface and extending up to the surface of 
the sample. The half-loop dislocations were also found to be interstitial type with a 
Burger vector of a/2 (l 10). These loops are either pure edge with a loop plane lying
on one of the {1 1 0 } planes (perpendicular to the wafer’s surface) or they lie on one 
of the {310} planes forming an angle of 71.6° with the wafer’s surface with a 
Burgers vector that forms an angle of 45° with the surface [81]. The authors also 
observed that some of the hairpin dislocations were located above their nucleation 
point in proximity of the a/c interface, suggesting that they might have climbed 
towards the surface and therefore they could be removed by using a longer annealing 
time or a higher annealing temperature. Indeed, this hypothesis was confirmed later 
by several authors [80, 82]. After implantation of B+ and BF2+ into pre-amorphised 
Si and subsequent annealing at 950°C for 10s or at 1050°C for 10s, Carter et al. [80] 
found the hairpin dislocations to be slightly above and considerably above the a/c 
interface, respectively. A possible explanation for the nucleation of those defects was
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also given by the authors: after implantation the damage clusters may aggregate to 
form small dislocation loops at and below the a/c interface. It is possible that small 
loops are truncated at the a/c interface, and the two ends of the truncated loops act as 
nucleating sites for the hairpin dislocations [80]. Defect-free regrown layers were 
also found after annealing temperature of 1100°C for 10s [89].
Category IV defects form when the damage density slightly exceeds the value of 
TDD (see Figure 16 IV), and a buried amorphous layer can be formed [72]. For 
example, for heavy ions (such as As, P, Ge) implanted at room temperature at E > 
200keV and doses ~ 1014 ions/cm2, the amorphous layer is buried and two c-Si/a-Si 
interfaces are present [83]. During SPEG, defects are created at the depth where 
these two advancing interfaces meet and they consist of faulted and perfect 
dislocation loops lying on planes parallel to the surface for both {1 1 1 } and {1 0 0 } 
silicon substrates [84]; in addition, two bands of EOR defects are formed behind the 
c-Si/a-Si interfaces. Formation of category IV defects can be avoided by decreasing 
the implant energy, increasing the dose or decreasing the implant temperature, in 
order to form a surface amorphous layer [72].
Category V defects occurs when the solid solubility of the implanted species in 
silicon at the annealing temperature is exceeded. Under these conditions, an 
amorphous layer may form (see Figure 16 V). These defects are associated with the 
formation of precipitates of the implanted ions or with the formation of a new phase 
(e.g. SiC in C+ implanted Si or SiAs in As+ implanted Si) [72].
3.3.1 End O f Range Defects
The origin and the behaviour of end of range defects during annealing have been 
controversial and one reason for the limited knowledge of these defects lies in their 
small sizes (10-50nm), making their identification difficult [78]. These defects do not 
form when category I defects are present (the damage density is below the TDD) and 
a possible explanation given by Jones [72] is because category I defects act as sinks 
for the excess interstitials. EOR defects have been assumed by several authors [78, 
85], to be types of dislocation loops. Their evolution from point defects to extrinsic 
dislocation loops upon annealing has been demonstrated by Mauduit et al. [8 6 ] to 
occur via intermediate defects configuration (as well as category I defects), such as 
interstitial clusters, and {113} stacking faults; EOR defects can only be removed 
during high temperature (900-1000°C) anneals and by 900°C most of the dislocation
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loops are either faulted with Burgers vector a/3 [111], while a few are perfect 
dislocations with Burgers vector a/2 [110] lying on {111} planes [8 6 , 87]. Several 
authors [91, 8 8 ] showed that, for a given annealing condition, the depth position and 
the density of the EOR defects depend upon the implant parameters of dose and 
energy. In 1991 Jones et al. [8 8 ] suggested that the density of the EOR defects 
decreases with the implantation energy, and therefore with the thickness of the 
amorphous layer. In 1984 Narayan et al. [89] suggested that, when the amorphous 
layer is less than lOOnm, the dislocation loops glide towards the surface during 
annealing. This hypothesis has been proved wrong by Maudit et al. [8 6 ] who 
demonstrate that most of the dislocation loops are faulted loops which cannot glide 
(see section 3.2.3), but they can only grow through the emission and capture of point 
defects. Moreover, the EOR defects have never been detected in the regrown layer, 
between the c/a interface and the surface [91]. In 1991 Meekinson et al. [90] 
suggested that the decrease of the loops density as the amorphous layer is made 
thinner is attributed to the reduced distance over which interstitials have to diffuse 
towards the surface. This behaviour has been explained, in contrast, by Jones et al. 
[8 8 ] using the “recoil interstitials model” based on TRIM calculation. This model 
considers the EOR defects as the result of the agglomeration of interstitial atoms 
available beneath the c/a interface after the amorphous layer is formed. However, 
this model does not explain the density of the EOR defects upon all the implantation 
parameters and in particular the dose [91]. Later, in 1993 Laanab et al. [91] presented 
a model called the “excess interstitial model” that affirms that the EOR defects are 
created by the precipitation of Si interstitial atoms (self interstitials) that do not 
recombine with vacancies in the vicinity of crystalline/amorphous (c/a) interface 
during the ramping up of the temperature during the anneal. This model, which takes 
into account the thermal recombination of the interstitials with the vacancies before 
clustering, has been successful in explaining the variation of the EOR densities with 
ion mass, ion dose, beam energy and substrate temperature [91]. In 1996 Omri et al. 
[106] conducted an experiment to investigate the effect of the formation of EOR 
defects in proximity of a “free surface”. The effect was studied by keeping the initial 
amount of self-interstitials atoms, available to form a population of EOR defects, 
constant while they were etching away part of the amorphous layer, reducing the 
distance to the surface, before annealing. The authors found that the presence of a 
free surface has no detectable effect on the nucleation and growth of EOR defects
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and therefore the supersaturation of Si self-interstitials atoms involved in the process 
is unaffected by the presence of this surface. However, they also observed that, 
during nucleation, the c/a interface acts as a diffusion barrier for the Si self­
interstitial atoms and the defect clusters are the only sinks for Si-interstitials. Only 
when the regrowth of the amorphous layer is completed up to the surface, (typically 
for temperature ~ 500°C, but in this case few milliseconds at 1000°C), the remaining 
supersaturation of Si-interstitials can interact with the surface. Yet, when this occurs, 
most of the defects are already involved in the Ostwald ripening process (see section 
3.4) for which the Si-interstitials supersaturation in equilibrium with the loops is 
already small (but still from around 10 to 3 times the equilibrium value) [106]. Based 
on the excess interstitials model, in 1995 Laanab et al. [92] introduced the concept of 
“threshold” for the appearance of the loops. The authors found that if the number of 
excess interstitials is less than Nt = 2.2 x 1014 atoms/cm2, no loops are formed for the 
annealing condition used (1000°C for 10 s). This phenomenon was also observed 
when implantations have been performed at low temperature [93]. When the sample 
is implanted at low temperature (i.e. 100K) no self-annealing occur during 
implantation and the c/a interface is located deeper than for the same implantation at 
room temperature. As a result, the number of interstitials beneath c/a interface is 
reduced by several orders of magnitude [92],
3.4. EOR defects and dopant anomalous ” diffusion.
During thermal annealing of boron implanted crystalline silicon, “anomalous” 
diffusion compared to the diffusivity of boron in the equilibrium condition (DB*) 
(where DB* = 5.1xl0 ' 14 cm2/sec [94]) occurs during annealing, where the tail of the 
boron profile shows increased diffusion which can be several orders of magnitude 
higher than that which is predicted by equilibrium simulations [78, 95]. This 
behaviour has been shown by Claverie et al. [78] to be transient (diffusion decreases 
with annealing time) and depth dependent (related to the implant energy). The 
behaviour is referred to as “transient enhanced diffusion” (TED). Several authors 
[96, 97, 98, 99, 100] have shown that B diffusion is driven by the large 
supersaturation of Si self-interstitial atoms released during the formation and 
dissolution during annealing, of end of range defects. Transient enhanced diffusion is 
only detected comparing the depth boron profiles with boron profiles after long times 
annealings at low temperatures (< 1000°C), when the diffusion process reaches the
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equilibrium and no further diffusion occurs. Simulations of TED would be possible if 
the concentration, the depth and the time dependencies of the Si interstitials 
saturation were known and incorporated in simulation softwares. Modelled 
parameters would also be applicable to describe the diffusion of other dopant species 
[101]
3.4.1 Boron implanted into silicon.
One of the first report of boron TED in implanted Si was given by Michel et al. in 
1987 [102] where B diffusion was enhanced by several order of magnitude compared 
to the “normal” diffusion after annealing at 800°C for 35 minutes, while essentially 
no additional diffusion enhancement was observed for longer annealing times. When 
the temperature was raised up to 900°C, further profile broadening due to TED was 
reduced within seconds. This behaviour, of which lower annealing temperatures give 
rise to an enhancement of boron diffusion over a longer period of time, has been 
confirmed since then [1 0 1 ].
Because TEM analyses [73, 79, 80] have revealed that extended defects (Type I 
see section 3.3) were formed around the projected range of the B profile, the 
researchers proposed that the anomalous diffusion was associated with the presence 
of those defects. In 1994, supported by TEM investigations, Eaglesham et al. [96] 
identified these defects as {113} defects, also known as “rod-like” defects. Their 
structure was determined by Talceda et al. [103] to be extrinsic defects consisting of 
periodical array of Si-interstitials atoms along the (110) directions. The authors also
suggested that they are created by precipitation of a supersaturation of Si self­
interstitials; {113} defects are almost one dimensional precipitates in which the host 
and the matrix atoms are the same and the driving force for such a precipitation is the 
reduction of the chemical potential for an Si interstitial atom (Si (I)) to be 
incorporated into the defect. Claverie et al. [101] suggested the possibility of several 
metastable configurations of the Si(I) atoms within the {113} defects, involving the 
clustering of an increasing number of Si atoms. The authors pointed out that these 
defects can be considered as sinks or as sources of Si atoms depending upon whether 
they are growing or dissolving (depending on their size and on the silicon 
supersaturation).
Several authors [96, 97, 78] studied quantitatively the evolution of the {113} 
defects during thermal annealing. Experimental results show that they are reduced in
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density, while their mean size increases. This behaviour is typical of the phenomenon 
known as “Ostwald ripening” or coarsening [104, 105]. This is a competitive process 
where bigger defects grow in size at the expenses of smaller ones and it occurs 
through the exchange of atoms between all precipitates, and hence maintains a 
supersaturation of Si atoms in the region. Therefore, the number of Si atoms involved 
in the process remains constant during annealing [106], Within the supersaturated 
region, a small precipitate acts as a source of Si atoms, while a large one acts a sink, 
which is why larger precipitates grow in size, while the overall density of the defects 
decreases [95, 106]. Assuming that all the defects have the same width, Eaglesham 
[96] and Stolk [97], calculated the number of Si(I) atoms contained in those defects 
and studied their variation as a function of annealing time at different temperatures. 
They showed that the total number of the Si atoms bounded to the defects decreases 
with increasing temperature. Claverie et al. [101] described the whole process as 
being a non-conservative Ostwald ripening process which allows the defects to retain 
their Si interstitial atoms for a much longer period of time [107]. Moreover, the 
authors found that the energy dissolution of the defect was -  3.5 eV, a value which is 
close to the formation energy of a free Si(I).
In 1991 Giles [108] proposed a model, called the “+1 model”. From TEM 
observations the total number of Si(I) atoms contained in the [113] defects was 
estimated to be the same as the B dose (formation of B-Si(I) complexes), implanted 
at energy between 10 and 50 keV. The author suggested that all the vacancies 
recombined with the Si-interstitial atoms, until the material was left with an excess of 
displaced Si atoms numerically equal to the dose. During annealing, B enhanced 
diffusion occurred through the formation of B and Si-interstitials (B-Si(I)) pairs. 
However, a very recent review article from Cristiano et al. [109] reports that the “+1” 
model is valid only for implantations of light ions (such as B) and at low 
implantation energies, when the spatial separation between the vacancies and the 
recoiled atoms generated by implantation is small. In addition, experiments made by 
Zhang et al. in 1995 [110] showed that the +1 model did not adequately account for 
the TED phenomenon. In their experiments, they found that when implanting boron, 
at low doses (~ 1013 ions/cm2), {113} defects did not form, although SIMS analyses 
showed indeed strong B TED. The authors concluded that another source of Si 
interstitial atoms may exist. In this case the activation energy for the TED was found 
be around 1 eV, close to the energy of dissolution of small clusters of interstitials or
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to the migration of Si(I) atoms. In 1996 the experiment conducted by Huizing et al. 
[ I l l ]  showed that the maximum enhancement of B diffusivity occurred before the 
{113} defects started to dissolve. Also in this case the activation energy for TED was 
smaller for short annealing times compared to longer anneals. The authors concluded 
that in order for the TED phenomenon to occur, a fast injection of Si(I) must happen 
before Si(I) are released by the {113} defects. Finally, in 1998 Caturla et al. [112] 
used a Monte Carlo simulation to investigate the behaviour of interstitials and 
vacancies, created by B implantation, during annealing. They found that while 
vacancies disappeared after a few seconds of annealing, Si interstitial atoms clustered 
together and after about 102 s they started to dissolve. The authors, also extracted 
from the simulation that TED of B occurred mostly during the Si(I) clusters 
formation, rather than their dissolution. They therefore concluded that no correlation 
exists between dissolution of {113} defects and boron TED.
3.4.2 Boron implanted into pre-amorphised silicon.
Many of the published results about boron TED in Si relates to B+ implantation
into Ge+ or Si+ preamorphised samples with an amorphous layer thickness between
150-200nm and annealed with rapid thermal annealing (typically at 1000°C) to
activate the dopants and to achieved SPEG [78, 95, 106, 113]. Under those
conditions, TEM analyses have shown the formation of EOR defects around the
former c/a interface (see section 3.3.1) and it was proposed that B TED was linked to
those defects [101]. Claverie et al. [101] suggested that EOR defects result from the
precipitation of excess Si interstitials atoms stored in an energetically stable
configuration and they are, as well as the {113} defects, as reservoir of Si atoms;
they can also be either a source or a sink for Si(I) atoms. During the ramping up of
the anneal, vacancies and interstitials left behind the c/a interface recombine until
only the excess Si-interstitials remain in the region and start nucleating clusters and
extrinsic defects [101]. In 1997, Claverie et al [114], using Monte Carlo simulation,
calculated that the number of atoms contained within the EOR defects was of the
same order of magnitude of the excess silicon interstitial atoms, after recombination
with the vacancies generated by implantation in order to amorphise the silicon
substrate. The authors, also pointed out that the model proposed is formally similar to
the + 1  model, except that in case of amorphisation, the net difference between
vacancies and interstitials is relevant only in the crystalline region of the sample, as
the amorphisation process causes an initial increase (in the range of 1014 Si/cm2)
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supersaturation of Si-interstitials compared to the case of boron implanted into 
crystalline silicon. Several authors studied [78, 98] the evolution of the EOR defects- 
dislocation loops, upon annealing. Claverie et al [78] presented a detailed analysis of 
the loop evolution under different annealing conditions. The authors showed that, as 
well as the {113} defects, the loops grow in size and reduce their density during 
annealing, but the total number of Si atoms stored in the loops remain constant (see 
Figure 18). Calverie et al. [78] showed the effect of the annealing time on the size- 
distribution of EOR defects on Ge preamorphised samples, uniformly doped with B 
(2x l0 18 ions/cm3) and annealed at 1000°C. Figure 17 and Figure 18, summarise their 
results.
Figure 17 Variation o f the loops density (at/cm2) and of the loops radius (nm ) as a function of 
annealing tim e for (150 keV Ge+ 2el5  ions/cm2) preamorphised samples, uniform ly doped w ith B  
(2 x l0 18 ions/cm2) and annealed at 1000°C (from  ref. [78 ]).
The authors suggested that the B TED is the result of two competing phenomena: 
dopant trapping on the defects and enhanced diffusivity at the edges of the defect- 
rich region. In their experiment the authors found that in the early phase of the 
anneal, the EOR defects formed by agglomeration of excess self-interstitials,
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provided a large number of boron trapping sites, leading to the observed boron 
segregation.
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Figure 18 Variation of the number of atoms stored in the loops as a function of the annealing tim e 
for (150 keV Ge+ 2el5  ions/cm2) preamorphised samples, uniform ly doped w ith B  (2 x l0 18 ions/cm2) 
and annealed at 1000°C (from  ref. [78]).
For longer annealing times, the loop density decreases by releasing self­
interstitials which diffuse into the substrate or to the surface where they are 
annihilated. Therefore, the number of B trapping sites decreases, and a fraction of the 
B atoms trapped in the EOR is released, leading to the decrease of the observed B 
segregation peak. At the same time the EOR defects (which also release interstitials), 
supersaturate the region around them. Therefore boron diffusivity is increased in the 
whole of the defected region but is measurable only on the edge of the band of the 
defects where the trapping is reduced [78], In 1998 Bonafos et al. [98] investigated 
the growth behaviour of the loops for annealing temperatures ranging from 900°C to 
1100°C and times from 1 to 400 s. They concluded that the loop density varies with 
time as a function of 1/t and the mean radius increases with t1/2 independent of other 
processes such as diffusion or loop interactions. In addition, the authors reported that 
the activation energy for loop growth for long annealing times (> 30 s),had been
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determined to be ~ 4.5 eV an energy close to the value for self-diffusion in Si. For 
shorter annealing times, the activation energy was found to be between 1 and 2 eV.
On the bases of these experiment, Claverie et al. in 1999 [101], proposed that: (i) 
for long annealing times, the faulted loops are very stable and the equilibrium 
between loops and the supersaturation of Si(I) around them has been reached, from 
which they concluded that the loops are the only source and sink for Si interstitials; 
(ii) for short annealing time and therefore at the beginning of the anneal, point 
defects and loops have not reached a dynamic equilibrium and that Si atoms trapped 
or captured by the loops are mostly provided by either free Si(I) atoms remaining 
from the initial supersaturation or from other less stable defects or clusters with a 
binding energy that decreases with reduced defect size. In addition Alquier et al. 
[115] showed that TED in the regrown layer decreases steadily from a high value 
close to the EOR, to a low value at the surface, and it was suggested that this effect 
arises from a balance between generation of interstitials at the EOR and their 
recombination at the surface. In 1999 Cowern et al. [113] proposed a model of boron 
TED in preamorphised Si, which takes into account the role played by the surface. 
The model was confirmed and supported by the process simulation program 
TSUPREM4. The experiment was conducted by varying the thickness of the 
amorphous layer (generated by Ge implantation), by etching away different 
thicknesses of silicon varying from 80 to 175 nm, prior to further processing in order 
to maintain constant the structure of the EOR defects. Boron was then implanted into 
the remaining amorphous layers within the amoiphised region and annealed at 900°C 
for Is. The B depth profiles were finally measured by SIMS in order to observe the 
dependence of TED on the thickness of the regrown layer. The results of their 
experiment showed: (i) clear evidence of TED, (ii) that the profiles diffuse more in 
the tail than at the peak and (iii) that the amount of diffusion increases with 
increasing proximity of the EOR with the surface. The profiles are shown in Figure 
19.
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Figure 19 Depth profiles of boron and interstitials during annealing o f shallow boron implants in 
Ge-preamorphised layers. Three different amorphous layer thickness are obtained by etching off part 
o f the G e preamorphised layer, prior to B  implantation. Th in  solid curve: 3 lceV B  implanted profile. 
Sym bols: S IM S  profile after 1 s at 900°C anneal. Th ick solid curve: simulated B  profile at 1 s 900°C. 
Vertical dashed lines: simulated edges o f E O R  defect band. Dashed curve: simulated interstitial 
profile at 1 s 900°C (arbitrary units) (from  ref. [H 3]).
The authors argued that the TED observed arises from an interaction between the 
EOR defects as the source of interstitials, and the surface as sink. Under these 
conditions, the measured TED should decrease with distance from the EOR band and 
the supersaturation should decrease more steeply towards the surface in samples 
where the amorphous layer is thinner [113]. In order to obtain agreement with the
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experimental profiles, the author adjusted only two parameters in their simulations: 
the supersaturation in the band of EOR defects (seor) and the supersaturation at the 
surface (so). To determine whether sror and so are influenced by the position of the 
EOR defects, they fitted the boron profiles for each different EOR depth, separately 
and the quality of the fit they reported was satisfactory.
3.5. S i p o s t amorphisation and solid phase epitaxial growth 
(SPEG)
The realisation of ultra-shallow and abrupt junctions is one of the requirements to 
reduce device dimensions and to achieve better integration in CMOS technology. 
The introduction of a pre-amorphisation stage helps to produce such junctions; in this 
way, channelling of low energy dopants can be eliminated while good activation can 
be achieved during solid phase epitaxial regrowth (SPEG) of the amorphous layer 
[78]. However, after SPEG, extended defects (EOR, loops) are formed beneath the 
former c/a interface which are responsible for the leakage current when they are 
placed in a space charge region of the device [116, 117] and they strongly affect 
impurity diffusion [118, 119]. To reduce the EOR damage and to improve the quality 
of implanted layers, a post-amorphisation regrowth process was developed by Zhang 
and co-workers [4], called EPIFAB (epitaxial re-growth across phase boundaries) 
which combines ion beam synthesis, post-amorphisation and solid phase epitaxial 
regrowth. The role of this process is to drive the EOR defects deeper into the 
substrate and away from the active area of the device. Several authors adopted the 
EPIFAB step for the fabrication of defect free SiGe/Si heterojunctions especially in 
CMOS processes [120].
3.6. Application to SiG e HBT and HMOS devices
Ultra Large Scale Integration (ULSI) circuits require both lateral and vertical 
scaling of device dimensions to increase the packing density and operational speed, 
as well as to reduce power consumption. As the device channel and gate dimensions 
are reduced, also the gate oxide thickness and the dopant diffusion in the source and 
drain regions need to scale to reduce the gate capacitance and the short channel 
effect, respectively [121]. Under these considerations, future devices (O.ljlm 
technology) will require ultra-low energy (ULE) implants and well controlled 
anneals and etching processes [1 2 1 ].
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Kawaura et al. [122, 123], researched into 0.1p,m metal-oxide-semiconductor 
field-effect transistors (MOSFET’s) to investigate transistor characteristics of ultra 
fine-gate MOSFET’s. It is expected that small feature size devices will facilitate 
manufacture of very high-density integrated circuits and also high switching speed 
with low power compsumption [123]. When the gate length is decrease to less than 
30-40nm, several physical phenomena become detrimental to transistor operation. 
Short-channel effects are a problem in ultra fine gate length MOSFET’s, because 
they degrade the cut-off characteristics of the devices [122]. To suppress them the 
reduction of the junction depth is needed in accordance with the miniaturisation of 
the lateral device size [122]. However, Ochiai demonstrated [123] that to accelerate 
the investigation of these devices, it is also necessary to develop sublOOnm direct 
lithography processes with good control.
Silicon-based heterostructure technology appears to have a very promising future 
with the advent of SiGe [3]. The SiGe material system potentially has great 
technological importance for high performance electronic and optoelectronic devices
[4]. During recent years device grade structures, with low defect densities and abrupt 
Si/Sii_xGex interfaces, have been grown on silicon substrates using molecular beam 
epitaxy (MBE) and chemical vapour deposition (CVD) [3, 4, 7]. However, control of 
these deposition techniques to realise SiGe layer is very expensive and difficult to 
integrate with the existing fabrication device lines [3].
The first SiGe-channel MOSFET transistors realised using high-dose germanium 
implantation shows that SiGe MOSFET’s have significantly higher transconductance 
than Si-channel MOSFET [3]. Selvakumar and co-workers [3] and others [9, 11, 
124] have reported that it is possible to synthesise pseudomorphic Si]_xGex through 
the use of implantation of 74Ge followed by SPEG. Application of this technique has 
led to the fabrication of both NMOSFETs [3] and PMOSFETs [11], using a strained 
Si].xGex channel, showing higher transconductance in the Sii-xGex transistors as 
compared to Si control devices [9]. In particular Jiang [11] reported that compared 
with Si control devices on the same chips, SiGe transistors exhibited improved 
performance: the channel hole mobility and linear transconductance was up to 18% 
higher for surface-channel SiGe transistors, and up to 12% higher for buried-channel 
SiGe p-MOSFET’s than for equivalent Si devices. Moreover it has been shown by 
Nayak [7] that SiGe p-channel MOSFETs have higher channel mobility than bulk-Si 
p-channel MOSFETs by confining the holes in a buried channel, and therefore
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reducing carrier scattering at the SiCVSi interface. In addition the effective channel 
mobility of a strained Sii_xGex layer is founded to be 90% higher than of an 
identically processed conventional SIMOX device [7]. However Verdockt [6 ], 
reported that the transconductance of the p-MOSFET remains inferior to that of the 
n-MOSFET, primarily because the field-effect hole mobility is over a factor of 3 
lower than the field-effect electron mobility. In MOS structures with undoped SiGe 
channels the holes travelling in the channel are expected to have enhanced mobilities 
due to the presence of Ge [35].
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4 . Experimental details
4 .1. Sam ple Description
In this project, two different groups of samples were used: group (a) contained 
implanted boron, and group (b) contained implanted arsenic, as dopants:
(a) The first group of samples was prepared from (100) n-type Si wafers, with 
resistivity 6-12 £ 2  cm and diameter 4”, together with p-type Wafer Bonded 
Silicon-On-Insulator (SOI) wafers, with resistivity 26-30 £ 2  cm and 
diameter 5” . The SOI wafers consisted of 1 [tm of crystalline Si on 1 [tm of 
buried silicon oxide (BOX) layer. The samples were implanted at the 
University of Surrey using two different accelerator systems. The 200 keV 
double magnet Danfysik accelerator (further details are included in section 
4.2.1) was used to implant 74Ge+ and n B+. Germanium was implanted at 
energies and doses (implantations details are reported in section 4.2.1) in 
order to synthesise Sii-xGex alloy layers of different thicknesses (between 
-50  and -200 nm) and composition (0 < x < 0.15). Boron was then 
implanted at energies in order to overlay the depth profile of germanium 
(see Figure 20), with doses designed to achieve a constant peak 
concentration of IxlO20 B+/cm3. Additional silicon implants were carried 
out on selected samples using the 2 MeV Van der Graaff accelerator (see 
section 4.2.1) at energy of 250 keV and dose of 5 x l0 15 Si+/cm2 in order to 
post-amorphise the material.
(b) The second group of samples was prepared from (100) p-type Si wafers, 
resistivity 6-12 £ 2  cm and diameter 4” . Using the 200 keV double magnet 
Danfysik accelerator, these samples were implanted with 74Ge+ ions at 
different energies and doses (see section 4.2.1) in order to synthesise
48
Chapter 4 Experimental Details
Sii_xGex alloy layers of different thickness (between -25 and -200 nm) and 
composition (0 < x < 0.15). Arsenic was then implanted at energies to 
overlay the germanium depth profile (see Figure 20), with doses varying 
with the implantation energy so as to obtain a peak concentration of lxlO20 
As+/cm3. As in the previous group, additional silicon implants were carried 
out on selected samples using the 2 MeV Van der Graaff accelerator at
the material.
Figure 20 S U S P R E  simulation o f 30 keV  Arsenic, 7 keV B  and 30 keV Ge.
The germanium doses and energies where chosen in order to form strained layers, 
according to the empirical model presented by Cristiano and co-authors [61] 
described in section 3.2.
After implantation, the wafers were cleaved into small pieces (typically lx l  cm) 
and cleaned using, in sequence, trichloroethylene (60°C), acetone, isopropyl alcohol 
and deionised water (Dl). The samples were dipped for about two minutes in each 
solution and quickly transferred from one to the next in order to avoid the solvents 
drying on the surface. After rinsing with D l water the samples were dried with a flux 
of nitrogen gas. Subsequently, the samples were treated with thermal annealing (for 
further details see section 4.2.4). Table 2 and Table 3 describes group (a) and group
(b) of samples, respectively.
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Table 2 Description of group (a ) samples
Sam ple 
(G e  % )
G e+
En erg y
(keV )
B +
En erg y
(k e V )
N om inal
Dose
(G e +/cm2)
Nom inal
Dose
(B7 cm 2)
Post-
am orphisation
Annealing
conditions
(N 2 am bient)
0% 100 20 - 9el4 T i =
1% 100 20 3.13el5 9eI4 700°C 20 min
4 % 100 20 1.18el6 9el4
6% 100 20 1.87el6 9el4 t 2 =
30 7 6.9el5 3.48el4 250 keV S i+ 700°C 20 min
9 % 100 20 2.18el6 9el4 <|) = 5el5  cm '2 +
10% 30 7 1.15 e l6 3.48el4 at-150°C 1050°C 10 sec
13% 30 7 1.49el6 3.48el4
15% 30 7 1.72el6 3.48el4 t 3 =
1050°C 10 sec
Table 3 Description o f group (b ) samples.
Sam ple
(G e  % )
G e+
En erg y
(keV )
A s+
En erg y
(k eV )
N om inal
Dose
(G e7cm 2)
Nom inal
Dose
(A s+/cm2)
Post-
am orphisation
Annealing
conditions
(N 2 am bient)
0% 100 100 - 6.25el4
1% 100 100 3.13el5 6.25el4
4 % 100 100 1.18el6 6.25el4 T i =
6% 100 100 1.87el6 6.25el4 700°C 20 min
30 30 6.9el5 2.5el4 250 keV S i+
10 10 2.78el5 9.25el3 (j) = 5el5  cm '2 t 2 =
9 % 100 100 2.18el6 6.25el4 at-150 °C 700°C 20 min
10% 30 30 1.15el6 2.5el4 +
10 10 4.72el5 9.25el3 1050°C 10 sec
13% 30 30 1.49el6 2.5el4
10 10 6el5 9.25el3 t 3 =
15% 30 30 1.72el6 2.5el4 1050°C 10 sec
10 10 6.94el5 9.25el3
Room temperature sheet resistance and Hall mobility were measured in a HL5900 
Hall Profiler, using the Van der Pauw method (VdP); further details are given in 
section 4.3.1. The free carrier concentration was determined using spreading 
resistance profiling (SRP), as described in section 4.3.2. SIMS was used to acquire
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chemical depth profiles for as-implanted and annealed samples sequentially, under 
identical conditions of analysis (see section 4.3.3). Finally, XTEM analysis were 
carried out on selected samples (see section 4.3.4) in order to examine the effects of 
post-amorphisation and Solid Phase Epitaxial Growth (SPEG) on the number and 
location of extended defects (End of Range).
4.2. Processing
4.2.1 Ion Beam Processing
The samples were implanted with 74Ge+, n B+ and 75As+ using the 200 keV 
Danfysilc accelerator, whereas the 28Si+ was implanted using the 2 MeV Van der 
Graaff accelerator. A schematic diagram of the 2 MeV accelerator is shown in Figure 
21.
The Danfysik is a twin beam line system, with one electrostatically scanned beam
line—Line 1—for implantation into a single wafer (up to 2 0 0  mm) provided with a
LN2 cooling system, and one high current magnetically scanned line—Line 2—for
general purpose implantation (up to 400 mm). The ion source is a vacuum chamber,
with pressure typically of 1.5x10 '5 mbar, in which an electric discharge can be fully
or partially sustained by the gas or vapour of the material to be ionised. Such a
discharge is generated between two electrodes, an anode and a cathode, by the
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application across the electrodes of a D.C. voltage, the optimum value depends upon 
the ion species. The source is equipped with a 1800°C oven, and metal ion beams 
used to bombard the target can therefore be produced from the pure material, rather 
than from volatile compounds. In particular, a solid germanium sulphide source 
material was used for the germanium implants, arsenic metal was used as the source 
material for arsenic and gaseous boron trifluoride for boron. The ions were extracted 
by an electric field created by applying a voltage typically between 10 and 40 kV, 
then separated for the desired ion mass by an analysing magnet, and post-accelerated 
to the desired energy. In order to achieve energies lower than 10 keV, the mass 
analysed beam was decelerated from 10 keV down to 0.2 keV, using a three 
electrode deceleration lens.
A second magnet, the switching magnet, is placed just after the acceleration lens 
in order to deflect the beam into the two separate lines of the accelerator. In addition 
to splitting the beam, the switching magnet provides a further filtration of the beam, 
which improves its isotopic purity. The beam spot size and shape is then defined 
using water-cooled silicon apertures together with a combination of magnetic and 
electrostatic quadrupole lenses. The ion beam is electrostatically deflected by raster 
scanning deflection plates, scanning in both horizontal and vertical directions, so that 
the target area is homogeneously illuminated. The dose is measured by integrating 
the charges collected on each of four Faraday Cups (FC) positioned at the corners of 
the area scanned by the beam, defining the aperture in front of the implanted wafer. 
Each FC, connected to a separate integrator, had a suppression electrode biased to - 
200 V, to suppress secondary electrons. To limit cross contamination by forward 
sputtering, silicon was used for the beam defining apertures during both synthesis 
and doping implants. The size of the silicon aperture was adjusted to define the 
implanted area (typically 5 x 5  cm2).
Line 1 was used for Ge+ and As+ implantations. Samples were mounted on 
support wafers which were in turn placed on a conducting elastomer in contact with a 
SiN coated aluminium chuck (see Figure 22), which was cooled with liquid nitrogen 
in the case of Ge+ implants. The temperature was monitored by a thermocouple 
positioned on the support plate of the wafer outside the view of the beam. The dopant 
implants were performed at low target current density (between 0.64 and 2.8 
[lA/cm2), to minimise beam-heating. Boron implantation was performed in Line 2, 
on the 8 -wafer wheel, in a vacuum better than 10"6 mbar. The wafers were tilted by
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7 ° and rotated by 2 2  degrees with respect to the incident ion beam, to reduce ion 
channelling.
The 28Si+ implants were performed in the 2 MeV accelerator, using a Hot Penning 
source with either Si sputtered or gaseous SiRi as the charge material. The wafers 
were cooled by mounting on a nickel-plated copper block, which was in thermal 
contact with a LN2 bath, and were tilted 7° off the incident beam direction. The 
temperature of the sample was monitored by a thermocouple, positioned on the wafer 
but not in sight of the beam. A thin film of vacuum grease was used to ensure good 
thermal contact between the wafer and the copper plate (see Figure 22).
Figure 22 Schem atic o f the sample holder in the 2 M eV  accelerator at U n iversity o f Surrey (from 
ref. f251)
4.2.2 Synthesis of SiGe alloy.
Germanium ions were implanted at three different energies, 10, 30 and 100 keV, 
with the wafers cooled to a temperature of less than -90°C. The average ion beam 
current density was of 2 pA/cm2, which corresponds to a power loading of 0.8, 2.4 
and 3.8 mW/cm2 for 10, 30 and 100 keV, respectively.
In order to produce strained, defect-free SiGe layers, the Ge content in the alloy 
was restricted to peak values of 0 at % to 9 at % for 74Ge+ implanted at 100 keV ( R  p 
= 71 nm), and of 0 at % to 15 at % for 74Ge+ implanted at 30 and 10 keV ( R  p = 25 
and 12.5 nm, respectively). The germanium doses used are listed in Table 2 and 
Table 3.
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implantation (from  ref. [25]).
Selected samples were then post-amorphised with 5el6 Si+/cm2 at 250keV, in 
order to position the formation of the EOR defects far below the implanted SiGe 
layer at around 0.5 (Jm depth (see Figure 23).
4.2.3 Doping
Boron was implanted at room temperature at 20 keV ( R  p = 69 nm) and 7 keV 
( R P =  27nm) with apeak concentration of lxlO 20 ions/cm3, corresponding to doses of 
9 x l0 14 B+/cm2 and (j) = 3 .48xl014 B+/cm2, for 20 and 7 keV, respectively.
Arsenic was implanted at room temperature at 100 keV ( R  p = 6 8  nm), 30 keV 
( R P =  26 nm) and 10 lceV ( R  p = 13 nm) with doses (j) = 6.25xl014 As+/cm2, <[> = 
2 .5x l014 As+/cm2 and 9 .25xl013 As+/cm2, respectively, corresponding to a peak 
concentration of lxlO 20 ions/cm3.
4.2.4 Thermal anneals
All samples were annealed in a nitrogen gas ambient (N2 : H2 90 : 10) at 1.5 l/min 
using a Process Products Corporation RTP halogen lamp system at the University of 
Surrey. The nitrogen process gas was purged for 3 minutes before each anneal, to
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flush out water vapour and oxygen atmosphere. The samples were loaded 
horizontally, on a support silicon wafer supported by a 600 mm quartz rod, into a 
quartz sleeve furnace chamber. The annealing temperatures were monitored by a 
thermocouple cemented in the centre of the support wafer. The annealing conditions 
chosen in this work were: Ti = 700°C for 20 minutes, T2 = 700°C for 20 minutes 
plus RTA at 1050°C for 10 seconds and T3 = RTA only. Furnace annealing 
conditions in Ti and T2 were selected on the basis of pilot work; elsewhere [25] this 
temperature has been shown to achieved good quality SPEG of IBS SiGe alloy 
layers. RTA conditions in T2 and T3 were selected to ensure comparability with 
research conducted elsewhere [120]. The ramp up temperature was of ~ 5.8 °C/s, 
whereas the ramp down was of ~1 °C/s.
4.2.5 Photolithography
Optical lithography was used to define the Van der Pauw (VdP) pattern on the 
samples prior to metallisation, using a chromium on quartz mask. The photoresist 
AZ4330a was used to cover the samples by spinning them at 40 RPM for 50 seconds 
to create a uniform film ~ 3 [tm thick. After a “soft” baking at 100°C for 30 seconds 
on hot plate, each sample was exposed separately in a Karls Suss MJ 133 UV 300 
Mask Aligner for 3.6 seconds under UV light generated by a mercury vapour arc 
lamp. The voltage applied to the electrodes in order to generate the arc ranged from 
16 V to 70 V, when stabilised. A nitrogen flux was used to cool the lamp and to stop 
the contacts oxidising. After exposure, the photoresist was developed in AZ400K 
developer diluted with DI water in proportion 1 : 3. The defined VdP samples were 5 
mm x 5 mm in size, as shown in Figure 24.
Figure 24 Van der Pauw  pattern.
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After creating the pattern, the samples were baked for 30 minutes at 100°C on a 
hot plate prior to etching.
4.2.6 Sample Etching
The samples were dipped for two minutes in an etchant solution composed of:
125 ml of nitric acid (HNO3) 6 8 %, 5 ml of hydro fluoride acid (HF) 48% and 25 
ml of de-ionised water (Dl), to etch ~ 1 pm of silicon.
The reactions oxidising the Si (HNO3) and then removing the S i0 2 with HF 
followed the chemical equations:
4 H  +  +  S i  +  4 N O ]  <=> S i 0 2  +  4 N 0 2  + H 2 0  Eq. 4.1
S i 0 2  + 4 H F  <=> S i F 4  (v o l a t i l e ) + 2H 2 0  Eq. 4.2
4.2.7 M etallisation
Aluminium was evaporated on the patterned samples in a General Evaporator. 
The contact area was defined by painting the photoresist on the surface of the 
samples, taking care to cover all areas except those marked as “Al contact” in Figure 
24. Before they were positioned in the evaporator, the samples were dipped in 
buffered HF to remove the native silicon dioxide. The base pressure inside the 
chamber prior to evaporation was between 1 and 2x1 O' 7 mbar, while the pressure 
during Al evaporation was between 2 and 4x10‘6 mbar. The Al metal was placed in a 
tungsten boat connected at both ends to resistors to which a potential of 23 Volts was 
applied, in order to evaporate the metal. The chamber was provided with a LN2 trap 
to limit gas contamination. Once evaporated, the metal was sintered at 400°C for 2 
minutes by furnace annealing in N2 flow to ensure a good adhesion to the sample.
4.3. Analysis techniques
4.3.1 Hall Effect
Sheet resistance and in plane Hall mobility were measured at the University of 
Surrey, using an HL5900 Hall Profiler. The measurements were performed at room 
temperature using the Van der Pauw method (VdP) [125], applying a magnetic field 
of 0.328T for the Hall mobility measurements.
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Figure 25 shows an example of cross section of a Van der Pauw clover leaf, when 
a current is injected through two of the Al contacts. The current will flow mainly 
through the implanted layer parallel to the surface of the sample, when a good p-n\n- 
p junction isolation and a “defect free” crystalline material are provided.
Figure 25 Cross section o f a Van der Pauw  clover leaf when the current is injected through the A l 
contact.
The case presented in Figure 25 represents an example of a SiGe implanted 
sample that, after SPEG, would show the presence of EOR defects (see Chapter 3). 
These defects, together with secondary defects which may form during annealing, 
can be one of the causes for leakage current flowing through the substrate. The 
quality of the active layer is therefore directly reflected in the electrical 
measurements.
Sheet resistance measurements were made by injecting a constant current of 4 pA 
(I) across two of the four aluminium contacts on the VdP patterned sample (see 
Figure 24), and measuring the potential difference (V) across the other two contacts.
These measurements were repeated four times, so that all possible combinations 
were satisfied. Two values of resistance R] and R2 were considered in order to 
estimate the value of sheet resistivity, according to the following equations:
1 Eq. 4.3 and R 2  =  Eq. 4.4
h,2 2^,3
where Ii,2 represents the current injected across contacts 1 and 2 , and V3i4 represents 
the potential difference between contacts 3 and 4, and likewise for I2>3. and V4J.
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These measurements were repeated by injecting a reverse current, in order to 
eliminate the effect of contact resistance. The sheet resistance was then extracted 
from the following relation:
7t (R] "t~ Rf) r, t j  i  r
p  =    — • F  Eq. 4.5
5 In 2  2
where F is a correction factor, which is a function of Rj and R2 and of the geometry 
of the sample; for a perfectly symmetrical sample F = 1.
When a magnetic field B is applied to the sample, together with the injected 
current I, this induces an electric field perpendicular to both I and B. This 
phenomenon is called the Hall Effect. The Hall effect was used to determine the type 
of majority free earners (electrons or holes), their concentration, and the Hall 
mobility. The Hall mobility was extracted from values of the Hall coefficient, Rhs, 
estimated from measuring the Hall voltage Vh (when the magnetic field B was 
applied).
The Hall coefficient Rhs is given by the following equation:
*» = y "  v, Ho) Eq-4-6Jd • 1
where V hb is the Hall voltage, measured when the magnetic field is applied, and V ho 
is the voltage with no magnetic field applied.
The Hall coefficient was then used to calculate the sheet carrier concentration Ns 
and the Hall mobility |1h, as follows:
N s = - ^ —  Eq. 4.7
e' B-Hs
J U H  = —  Eq. 4.8
Ps
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where e is the electronic charge, and i’h  is the ratio between the Hall mobility | Ih , and 
the drift mobility [Id, also known as Hall scattering factor, which is assumed to be 
unity (but see section 7.3.4).
4.3.2 Spreading Resistance Profiling
Spreading resistance profiling (SRP) was conducted by Semiconductor 
Assessment Services Ltd., following the method outlined by Pawlik [126]. Samples 
were ground to a bevel of approximately 8 ’, using high quality 0.1 Jim polycrystalline 
diamond paste. Closely spaced (~ 20 jim) pre-conditioned tungsten-osmium alloy 
probes with contact radii ~ 1.8 Jim and probe loading -  5 g were used to take 
repeated measures of spreading resistance with a step length of 1 .0  Jim, for a vertical 
resolution of ~ 2.5 nm. Probes had previously been calibrated using bulk calibration 
samples. A high quality optical microscope with dark field illumination and 
photographic camera was used to establish the starting point of profiles. Bevel angles 
were checked using a calibrated surface profilometer with accuracy of ± 1 %; hence, 
it is estimated that depths in the resulting profiles were accurate to the same 
percentage.
Smoothed spreading resistance profiles were estimated from the raw data by 
Semiconductor Assessment Services Ltd., using constrained cubic splines smoothing 
[127], This uses conventional cubic splines to fit the data, but the algorithm is 
constrained on the basis of an initial visual examination to identify trends and 
concave or convex regions in the raw data, thus ensuring that the smoothing corrects 
for random noise, rather than amplifying it.
Resistivity profiles were derived from the smoothed profiles using the Berkowitz- 
Lux algorithm to calculate the sampling volume correction factor for non-bulk 
samples [128]. For input into this algorithm, the calibration curve was estimated 
using simple linear interpolation between data points [126]. Resistivity profiles were 
converted to carrier concentration profiles by Semiconductor Assessment Services 
Ltd., using ASTM Standard F723. In the course of extensive validation research 
comparing results from SRP with results from other electrical and non-electrical 
methods, such as secondary ion mass spectrometry (SIMS), Rutherford back 
scattering (RBS), neutron activation analysis (NAA), CV profiling, and 
electrochemical CV profiling (ECV) [129, 130], an accuracy value of ±2.5% in 
carrier concentration has been established in silicon [131].
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Strictly, the extraction of carrier concentration from spreading resistance profiles 
assumes (i) that the material being profiled is uniformly doped bulk silicon, and (ii) 
that no changes are made in the carrier mobility during the layer creation process. 
Nevertheless extensive testing of samples in Si and Sii_xGex grown by MBE has 
shown no deviation from known concentration depth profiles in Sii_xGex samples 
with up to 20 at %  Ge. In samples with 20 to 50 at % Ge, an increasing systematic 
deviation of up to 5%  from the known profile was observed. Above 50 at % Ge, 
measurements were no longer possible as the softness of the material changed the 
nature of the point contacts [130, 131]. Since no mobility curves are available to date 
for bulk SiGe [131, 132, 133], the SRP measurement and the computations described 
above, which have been used elsewhere in SiGe research [134, 135, 136], were 
considered appropriate for the derivation of speculative values of carrier activation in 
Sii_xGex over the range of germanium peak concentrations used in this work (but see 
section 7.3.1).
4.3.3 Secondary Ion M ass Spectroscopy
The SIMS analyses were carried out by Dr. Claude Armand in the National 
Institute of Applied Science (INSA) in Toulouse, and by Dr. Hamid Kheyrandish in 
MATS, UK, using an Atomika quad 4500 instrument. For both analyses, the primary 
beam was 500 eV 0 2+ at near normal incidence conditions. The depths of the 
resulting SIMS craters were measured in two perpendicular directions using a Dektak 
surface profilometer. The boron and the arsenic concentrations were calibrated using 
SIMS reference materials which are traceable to NIST.
The uncertainty of the measurement depends on the background noise of the 
instrument. For example if boron is considered, the minimum measurable 
concentration was about 1015 at/cm2. Depth resolution carried an uncertainty of ± 1 
nm.
4.3.4 Transmission Electron M icroscopy
The electron microscopy was earned out by Dr. Yun Wang using a JEOL 2000- 
FX TEM at the University of Surrey and by Dr. Fuccio Cristiano using a JEOL 2010- 
HC microscope at CEMES/CMRS in Toulouse.
Both microscopes operate at a voltage of 200 keY, with a nominal point-to-point 
resolution of ± 0.3 nm. The samples for cross sectional observations were cleaved 
into small pieces (typically 3 x 10 mm2), cleaned in sequence with trichloroethylene,
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acetone and isopropyl alcohol and glued together (top surfaces in contact), with an 
epoxy resin. The glued samples were then cut into 500 Jim thin sections using a 
diamond saw. These sections were ground and polished down to a thickness of 30 
Jim, using silicon carbide and aluminium oxide grinding papers with grain sizes of 15 
Jim and 3 Jim, respectively. The thin sections of the samples were then mounted into 
a 3 mm copper grid using silver dag, loaded into the beam miller (Model: Gatan 600) 
and bombarded using a dual Ar+ beam—accelerated to 5 keV with an incident angle 
of 15°—until electron transparency of the samples was obtained.
The areas analysed by cross section TEM were of the order of 10 Jim2 (typically 
0.5 jim x 20 Jim), so that the lower detection limit of the resolved defects was ~ 107 
cm'2.
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5 . Results from boron implanted samples
5.1. Introduction
This chapter reports sheet resistance (Rs) and Hall mobility (flu) measured on 
Group (a) of samples, described in section 4.1. Atomic and electrical profiles are 
presented from which the activation of boron has been determined. Finally, selected 
samples were observed by transmission electron microscopy to investigate the 
formation and location of extended defects.
5.2. Activation and carrier transport o f S i fxGex doped with boron 
at 20 ke  V and 7 ke  V.
This section is composed of two parts: section 5.2.1 presents the results for boron 
implanted at 20 keV into Sij.xGex and section 5.2.2 presents the results for boron 
implanted at 7 keV. The data presented are from samples treated with three different 
annealing conditions: Ti (furnace annealing at 700°C for 20 minutes), T2 (furnace 
annealing plus RTA at 1050°C for 10 seconds) and T3 (RTA only).
5.2.1 20 ke V boron
5 . 2 . 1 . 1  R s  a n d  p n  a s  a  f u n c t i o n  o f G e  c o n t e n t  i n  b u l k - S i  a n d  i n  S O I  s u b s t r a t e s
In all graphs in this chapter, lines joining data points are included only as a guide
for the eye.
Figure 26 shows the variation of sheet resistance for samples prepared in bulk-Si 
substrates. For scaling purposes, the value of the sheet resistance for the sample 
annealed using schedule Tj in bulk-Si substrate (1700 ± 1 7  Q/sq) is omitted. In all 
Sij.xGex samples, sheet resistance was higher than in bulk-Si annealed with T2 or T3, 
although substantially lower than in bulk-Si annealed with Tj. Samples annealed
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with Ti showed consistently higher values of sheet resistance than those annealed 
with T2 or T3 with the same Ge content. For samples annealed with Tj and T2, sheet 
resistance in SiGe showed a similar trend as a function of Ge content, increasing up 
to 6  at % Ge, then decreasing at higher concentration. For samples annealed with T3, 
sheet resistance increased up to 4 at % Ge, then levelled off at 142 ± 1 O/sq. The 
main point of divergence between the annealing conditions was at 6  at % 
germanium, where the sample annealed with T2 showed a sheet resistance of 149 ± 1 
£2/sq and the sample annealed with Ti showed a sheet resistance of 165 ± 2 O/sq.
at %  Ge peak Concentration
Figure 26 Sheet resistance as a function of Ge content, for B  implanted at 20 keV in bulk-Si 
substrate and annealing conditions of: T t = 700°C, 20 m in, T 2 = 700°C, 20 min. + R T A  and T 3 = R T A  
only.
Figure 27 shows sheet resistance for analogous samples using SOI as a substrate 
instead of bulk-Si. For scaling reasons, the sheet resistance for the sample annealed 
at Tj in bulk-SOI (1110±11 O/sq) is omitted.
Again, for all samples implanted in Sii-xGex, sheet resistance was substantially 
lower than in bulk-Si annealed with Tj, but higher than in bulk-Si substrate annealed 
with T2 or T3. Both sets of samples where RTA was involved (T2 and T3) showed 
similar values of sheet resistance within the same Ge content, differing only within
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experimental error. Samples which received furnace annealing only showed 
significantly higher values of sheet resistance, although presenting a similar trend. 
For all annealing conditions, the data showed a broadly similar trend, with sheet 
resistance increasing up to 6  at % ,  then levelling off for samples annealed with T2 or 
T3, although continuing to rise in the samples annealed with Tj. The sheet resistance 
increased from a minimum value of 121 ± 1 Q/sq for boron implanted in bulk-SOI 
substrate (0 at % Ge) and annealed with T2 to a maximum value o f 152 ± 1 Q/sq, for 
the sample with 9 at % Ge peak concentration and annealed with the same annealing 
condition and up to 191 ± 2  Q/sq for the sample with the same germanium content 
but annealed with Tj.
Figure 27 Sheet resistance as a function o f G e content, for B  implanted in S O I substrate at 20 keV 
and annealing conditions o f T t, T 2 and T 3.
Table 4 shows the values of sheet resistance in 20 keV B doped samples, for all 
the annealing conditions as a function of germanium content in the Sii_xGex alloy 
layers, using bulk-Si and SOI material substrates, where the germanium peak 
concentration varies between 1 at % and 9 at % .  The data are compared with those in 
bulk-Si or SOI substrates (0 at % Ge).
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Table 4. Values o f R s in bulk-Si and in S O I for various Ge content and annealing temperature, 
where T , = 700°C, 20 min, T 2 = 700°C, 20 min + R T A  at 1050°C, 10 sec and T 3 = R T A  only.
Ge content 
(at %  peak 
conc.)
Annealing
Conditions
Rs (O/sq)
Bulk-Si substrate SOI substrate
T, 1700 ± 17 1 1 0 0 + 1 1
0 t 2 1 2 1 + 1.2 121 + 1.2
t 3 121 + 1.2 123 + 1.2
T, 140 + 1.4 143 + 1.4
1 t 2 136 + 1.4 133 + 1.3
t 3 137 + 1.4 136+1.4
T, 150 + 1.5 159 + 1.6
4 t 2 142 + 1.4 141 + 1.4
t 3 142 + 1.4 142 + 1.4
T, 165 + 1.7 182 + 1.8
6 t 2 149 + 1.5 150 + 1.5
t 3 142 + 1.4 148 + 1.5
T, 150 + 1.5 191 + 1.9
9 t 2 141 + 1.4 152 + 1.5
t 3 142+1.4 149 + 1.5
Values of Hall mobility were highest for the samples with 0 at % Ge annealed at 
Ti (86.5 ± 0.9 cm2/V-s for bulk-Si, 93.3 + 0.9 cm2/V-s for SOI). Values for the 
remaining samples varied between 32.0 ± 0.3 cm2/V-s and 45.4 ± 0.5 cm2/V-s. 
Selected data are plotted in Figure 28 and Figure 29.
Figure 28 shows the variation of the Hall mobility for samples implanted in bulk- 
Si. For scaling purposes, also in this case the value of Hall mobility (86.5 + 0.9 
cm2/V-s) for the sample with 0 at % germanium peak concentration (bulk-Si) and 
annealed with Ti is not reported in this graph. As a general trend, for all three 
annealing procedures, the Hall mobility decreases with increasing germanium 
content up to 6  at %, although there was an especially pronounced drop in mobility 
between 4 at % and 6  at % within the samples annealed with RTA only. Between 6  at 
%  and 9 at %, Hall mobility increases for samples annealed with Ti and especially 
with T3, but remains stable (within experimental error) for samples annealed with T2.
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Figure 28 H a ll m obility as a function o f G e content, for B  implanted at 20 lceV in bulk-Si substrate 
and annealing conditions of: T ] = 700°C, 20 min, T 2 = 700°C, 20 min. + R T A  and T 3 = R T A  only.
Figure 29 shows the variation in Hall mobility for analogous samples implanted in 
SOI material. The value of mobility (93.3 ± 0.9 cm2/V-s) for the sample in bulk-SOI 
substrate (0 at % Ge) and annealed with Ti is not reported in the graph for scaling 
purposes. For all annealing conditions, values for SiGe are lower than those for bulk- 
SOI substrate. All three conditions show a similar trend with mobility increasing 
from 1 at % Ge to 4 at % Ge, then decreasing from 4 at % Ge to 9 at % Ge. For 3 of 
the 4 Ge concentrations investigated here, samples annealed with T3 showed higher 
mobilities compared to the other annealing conditions. However, this relative 
advantage was not present in samples with 6  at % germanium peak concentration.
Table 5 shows values of Hall mobility in 20 keV B doped samples, for all the 
annealing conditions as a function of germanium content in the Sii_xGex alloy layers, 
using bulk-Si and SOI material substrates, where the germanium peak concentration 
varies between 1 at % and 9 at % .
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at % Ge peak concentration
Figure 29 H a ll m obility as a function of Ge content, for B  implanted at 20 keV in S O I substrate 
and annealing conditions of: T i = 700°C, 20 min, T 2 = 700°C, 20 min. + R T A  and T 3 = R T A  only.
Table 5 Values of pH in bulk-Si and in S O I for various Ge content and annealing temperature, 
where T , = 700°C, 20 m in, T 2 = 700°C, 20 m in + R T A  at 1050°C, 10 sec and T3 = R T A  only.
Ge content 
(at % peak 
conc.)
Annealing
Conditions
Mh  (cm2/V-s)
Bulk-Si substrate SOI substrate
T, 86.5 + 0.9 93.3+0.9
0 t 2 45.4 ± 0.5 42.4 + 0.4
t 3 44.3 ± 0.4 -
T, 39.7 + 0.4 36.5+0.4
1 1 t 2 42.7 + 0.4 36.7+0.4
t 3 42.2 + 0.4 39.9+0.4
T, 36.1+0.4 39.7+0.4
4 t 2 39.9 + 0.4 39.8+0.4
t 3 39.4 + 0.4 41.2 + 0.4
T[ 32 + 0.3 36.1+0.4
6 t 2 37 + 0.4 38.4 + 0.4
t 3 32.9 + 0.3 37.4+0.4
T, 34 + 0.3 34 + 0.3
9 t 2 36.7 + 0.4 34.4 + 0.3t 3 38.7 + 0.4 35.6 + 0.4
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5.2.1 . 2  E f f e c t  o f  S i  p o s t - a m o r p h i s a t i o n  o n  R s  a n d  p H
Figure 30 shows variation in sheet resistance as a function of Ge content for 
samples implanted in bulk-Si and annealed with T3, with and without post- 
amorphisation. The data show small but complex effects of post-amorphisation 
depending on the Ge concentration, with sheet resistance reduced marginally at 1 at 
% Ge, and to a greater extent at 4 at % Ge, but increased more substantially at 6  at %
Figure 30 Comparison of sheet resistance as a function o f Ge content for samples implanted w ith 
20 keV B  in bulk-Si substrate and annealed w ith T 3, w ith and without post-amorphisation.
Figure 31 shows analogous data for samples implanted in SOI material. The data 
show a small crossover, such that sheet resistance is slightly reduced by post- 
amorphisation at 0 at % Ge, varies within experimental error 1 at % Ge and 4 at % 
Ge, but is increased by post-amorphisation at 6  at % Ge and especially at 9 at % Ge.
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at %Ge peak concentration
Figure 31 Comparison of sheet resistance as a function o f Ge content for samples implanted w ith 
20 keV B  in S O I substrate and annealed w ith T 3, w ith and without post-amorphisation.
at % Ge peak concentration
Figure 32 Comparison of H all m obility as a function o f Ge content for samples implanted w ith 20 
keV B  in bulk-Si substrate and annealed w ith T 3, w ith and without post-amorphisation.
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Figure 32 shows values of Hall mobility for the samples reported in Figure 30. 
Again, the effect of post-amorphisation is complex, whereby mobility is reduced at 1 
at % Ge but is increased at 6  at % Ge, and is unaffected at both 4 and 9 at % Ge. The 
data show a similar trend in both sets of samples, but relatively smaller variation with 
germanium content.
Figure 33 shows values of Hall mobility for the samples reported in Figure 31. 
Again there is a complex pattern of effects, whereby post-amorphisation slightly 
increases the Hall mobility at 1 at % Ge and 6  at % Ge, substantially reduces it at 4 at 
% Ge, and makes no difference to the mobility at either 0 at % Ge or 9 at % Ge. 
Thus, with post-amorphisation, the peak in Hall mobility at 4 at % Ge, previously 
observed in Figure 29 is no longer present, and mobility shows a gradual decline 
with increasing Ge content.
at %  Ge peak concentration
Figure 33 Comparison of H all m obility as a function o f Ge content for samples implanted w ith 20 
keV  B  in bulk-SO I substrate and annealed w ith T 3, w ith and without post-amorphisation.
Again, the trend is the same for both sets of samples, with mobility reducing as 
germanium content increases.
5 . 2 . 1 . 3  S R  a n d  S I M S  p r o f i l e s
Figure 34 shows spreading resistance profiles of free carrier concentration as a 
function of depth for 20 keV B implanted in bulk-Si and in SiGe (from 1 at % to 9 at
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% Ge peak concentration) and annealed with T3. In particular, for a background 
doping of l e i 5 at/cm3, the junction depth of B in silicon is -  310 nm, and 
progressively reduces with increasing germanium content down to just under 2 0 0  nm 
for the samples which contains 4 at % Ge peak concentration. For the highest 
germanium content (9 at %) though, the depth of the profile is at ~ 220 nm, which is 
higher than any of the germanium samples, but still below the sample in bulk-Si.
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Figure 34 S R P  profiles for 20 keV  B  implanted into S i substrate and S iG e  (1 at %  to 9 at %  G e) 
and annealed w ith T 3.
To summarise the trend: no significant difference between the samples prepared 
in bulk-Si substrate or in SiGe in the free carrier profiles up to a depth of ~ 50 nm. 
Between ~ 50 nm and ~ 140 nm, the samples prepared in bulk- Si substrate presents 
higher concentration of activated carriers, compared with the samples in SiGe. The 
remaining part of the profiles show a dependence of the activated carriers with 
germanium content.
Selected samples were then chosen for SIMS analyses. Figure 35 shows as- 
implanted profiles of 20 keV B in bulk-Si substrate and in SiGe (9 at % Ge), together 
with profiles of boron for the same samples after annealing with T3.
Looking at the as-implanted profiles, the boron concentration peaks at the same 
depth of ~ 70 nm for both bulk-Si substrate and SiGe, although in the latter the tail of 
the distribution is shallower at 1018 ions/cm3 atomic concentration. Again the tail of 
the boron profile in SiGe after annealing is significantly shallower (~ 240 nm) than
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the tail for boron implanted in bulk-Si substrate(~ 325 nm). However, the profile in 
SiGe after annealing shows greater diffusion towards the surface.
Figure 35 S IM S  profiles o f 20 keV B  in bulk-Si substrate and S iG e  as-implanted and after 
annealing w ith T 3.
5.2.2 V keV boron
5 . 2 . 2 . 1  R s  a n d  p n  a s  a  f u n c t i o n  o f  G e  c o n t e n t  i n  b u l k - S i  a n d  i n  S O I  s u b s t r a t e s
For all cases where data are available, samples annealed with T| show 
substantially higher values of sheet resistance than those annealed with T2 or T3. 
Data for the latter two annealing conditions are plotted in Figure 36 and Figure 37.
Figure 36 shows values of sheet resistance for samples implanted in bulk-Si 
substrate and annealed with T2 and T3. For both annealing conditions, the data show 
a very similar trend, with sheet resistance increasing up to 13 at %  Ge, then levelling 
off from 13 at % Ge to 15 at % Ge. The two annealing conditions vary within 
experimental error up to 6  at % Ge. However, with higher values of Ge content, sheet 
resistance is increasingly higher in samples annealed with T2 compared to those 
annealed with T3.
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Figure 36 Sheet resistance o f 7 keV B  as a function of germanium content and annealing 
conditions (T 2 and T 3) in bulk-Si substrate.
Figure 37 Sheet resistance o f 7 lceV B  as a function o f germanium content and annealing 
conditions (T 2 and T3) in SO I.
Figure 37 shows analogous data for samples implanted in SOI substrate. The data 
show a similar trend to the previous graph. Sheet resistance increases with increasing
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Ge content up to 13 at % Ge, then declines slightly to 15 at % Ge. As with the 
preceding samples, from 10 at % Ge upwards, sheet resistance is slightly higher in 
samples annealed with T2 compared to those annealed with T3. However, at 0 at % 
Ge, sheet resistance was slightly lower in this annealing condition.
Table 6  shows values of sheet resistance in 7 keV B doped samples, for all the 
annealing conditions as a function of germanium content in the Sij.xGex alloy layers, 
using bulk-Si and SOI material substrates, where the germanium peak concentration 
varies between 6  at % and 15 at % .  The data are compared with those in bulk-Si or 
SOI substrates (0 at % Ge).
Table 6 Values of R s in bulk-Si and in S O I substrates for various Ge content (0 at % Ge to 15 at % 
G e) and annealing temperature, where T , = 700°C, 20 min, T2 = 700°C, 20 m in + R T A  at 1050°C, 10 
sec and T 3 = R T A  only.
Ge content 
(at % peak 
conc.)
Annealing
Conditions
Rs (12/sq)
Bulk-Si substrate SOI substrate
Ti 2540 ± 25 2690 + 27
0 t 2 459 + 5 463 + 5
t 3 459 + 5 489 + 5
T, + 1070+ 11
6 t 2 629 + 6 614 + 6
t 3 618 + 6 628 + 6
Ti ± 1800+ 18
10 t 2 835 + 8 755 + 8
t 3 766 + 8 712 + 7
T, + 2530 + 25
13 t 2 1000  + 10 934 + 9
t 3 904 + 9 891+9
T, + 2510 + 25
15 t 2 1002 ± 10 902 + 9
t 3 897 +9 842 + 8
Values of Hall mobility were highest for the samples with 0 at % Ge annealed at 
Ti (117 ± 1 cm2/V-s for bulk-Si substrate, 120 ± 1 cm2/V-s for SOI substrate). 
Values for the remaining samples varied between 21.6 ± 0.2 cm2/V-s and 53.6 ± 0.5 
cm2/V-s. Selected data from Table 7 are plotted in Figure 38 and Figure 39.
Figure 38 shows Hall mobility as a function of Ge peak concentration in bulk-Si 
for the three annealing conditions. In SiGe samples, values for Ti are consistently 
lower than those for T2 or T3, while values for T3 are mostly slightly higher than 
those for T2. Additionally there is a tendency for Hall mobility to decrease with 
increasing Ge content, although this decrease is not uniform in T2 and T3 samples.
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Ge peak concentration
Figure 38 H all m obility of 7 keV  B  as a function of germanium content and annealing conditions 
in bulk-Si.
at %  Ge peak concentration
Figure 39 H all m obility o f 7 keV  B  as a function of germanium content and annealing conditions 
in SO I material.
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Figure 39 shows analogous measurements for samples implanted in SOI substrate. 
As in the preceding graph, values for Tj in SiGe samples are consistently lower than 
those for T2 or T3. Values for T2 and T3 are very close to each other. As before, there 
is a tendency for Hall mobility to decrease with increasing Ge content, although this 
trend is more pronounced in Ti than in T2 and T3 samples.
Table 7 shows values of Hall mobility in 7 keV B doped samples, for all the 
annealing conditions as a function of germanium content in the Sii_xGex alloy layers, 
using bulk-Si and SOI material substrates, where the germanium peak concentration 
varies between 6  at % and 15 at %. The data are compared with those in bulk-Si or 
SOI (0 at % Ge).
Table 7 Values o f pH in bulk-Si and in S O I for various Ge content (0 at % Ge to 15 at % G e) and 
annealing temperature, where T i = 700°C, 20 min, T 2 = 700°C, 20 min + R T A  at 1050°C, 10 sec and 
T 3 = R T A  only.
Ge content 
(at % peak 
conc.)
Annealing
Conditions
Hh (cm2A7-s)
Bulk-Si SOI
Ti 117 ±1 120 ± 1
0 t 2 53 + 0.5 53.6+0.5
t 3 52.8 ± 0.5 52.3 ±0.5
T, 29.9 + 0.3 28.6 ±0.3
6 t 2 42.9+ 0.4 42.5 ±0.4
t 3 44.4 ± 0.4 44.9 ± 0.4
Ti 25.7 + 0.3 24.4 ± 0.2
10 t 2 36.8 + 0.4 40.4 ±0.4
t 3 42.3 + 0.4 41.2 ±0.4
Ti 22.9 + 0.2 s 21 .6  ± 0 .2
13 t 2 38.6 + 0.4 39.9 ±0.4
t 3 37.8 + 0.4 40.5 ±0.4
Ti 22 .2  ± 0.2 21 .6  ± 0.2
15 t 2 37.4 + 0.4 39.6 ±0.4
t 3 39.6 ±0.4 37.8+0.4
5 . 2 . 2 . 2  E f f e c t  o f  S i  p o s t - a m o r p h i s a t i o n  o n  R s  a n d  p n
Figure 40 shows variation in sheet resistance as a function of Ge content for 
samples implanted in bulk-Si and in SOI substrates and annealed with T3, with and 
without post-amorphisation. Especially at higher Ge peak concentrations (13 at % Ge 
and 15 at % Ge), post-amoiphisation led to an increase in sheet resistance.
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Ge peak concentration (%)
Figure 40 Sheet resistance o f 7 keV B  as a function of Ge peak concentration for samples annealed 
w ith T 3. Samples in bulk-Si are compared w ith samples in S O I substrate (solid lines) and both are 
compared w ith samples that were post- amorphised (P A ) (dashed lines).
Ge peak concentration (%)
Figure 41 H all m obility o f 7 keV B  as a function o f Ge peak concentration for samples annealed 
w ith R T A . Samples in bulk-Si are compared w ith samples in S O I (solid lines) and both are compared 
w ith samples that were post- amorphised (P A ) (dashed lines).
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Figure 41 shows values of Hall mobility for the same samples. Here, post- 
amorphisation resulted in a reduction in Hall mobility for all values of Ge content 
and in both Si and SOI substrates, especially at lower concentrations of Ge (6  at %  
Ge and 10 at % Ge). A single exception was for 15 at % Ge in SOI substrate, where 
the effect of post-amorphisation was negligible (within experimental error).
5 . 2 . 2 . 3  S R  a n d  S I M S  p r o f i l e s
Spreading resistance profiles were acquired for boron implanted at 7 keV in bulk- 
Si substrate and in SiGe with germanium peak concentration varying from 6  at % to 
15 at % and annealed with T 3. The data are reported in Figure 42. The figure shows a 
clear trend with less boron diffusion with increasing germanium peak concentration: 
all samples in SiGe show a lower junction depth (from ~ 90 nm for 6  at % Ge down 
to ~ 70 nm for 15 at % Ge) at 1015 atomic concentration, compared to the sample in 
bullc-Si substrate (~ 170 nm).
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Figure 42 S R P  profile for 7 keV  B  implanted into S i substrate and S iG e  and annealed with T 3 = 
1050°C, 10”.
As-implanted SIMS profiles of boron implanted in SiGe (6  at % Ge) and the 
germanium associated, are shown in Figure 43. The purpose of this graph is to show 
that, the boron profile was contained within the germanium profile and that both 
peak concentrations were positioned at the same depth of ~ 25 nm.
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Figure 43 S IM S  profiles o f 7 keV B  as-implanted into S iG e (6 at % G e) and 30 keV Ge as- 
implanted into bulk-Si substrate for synthesis purposes.
Figure 44 S IM S  profiles for 7 keV  B  implanted in S i and S iG e  and annealed w ith R T A  only.
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Figure 44 shows SIMS analysis of boron implanted in bulk-Si as-implanted and 
annealed with T3 and in SiGe with germanium peak concentration of 13 at % and 15 
at % annealed in the same condition. The peak of the boron distribution after 
annealing is closer to the surface in SiGe, than in bulk-Si as-implanted. Both samples 
in SiGe present a pile-up near the surface which is higher for the highest germanium 
content. The tails of the profiles show a reduction in boron diffusion in SiGe, 
compared to bulk-Si and a further reduction passing from SiGe with 13 at % Ge to 
15 at % Ge. Both profile tails are within the boron profile as-implanted.
5.3. TEM characterisation of defects after SPEG
Figure 45 show XTEM micrographs on samples implanted with 3.48 x 1014 cm 2 
B+ at 7 keV and annealed with T3, in bulk-Si (sample 12) (a) and in SiGe with 6  at % 
Ge peak concentration (sample 61) (b) The samples numbers are listed in Appendix
A.
Clftfil *5im u  m.m m  ?*»
Figure 45 X T E M  micrographs from samples implanted with 3.48x1014 B +/cm2 at 7 keV and 
annealed w ith R T A  at 1050°C for 10” , in (a ) bulk-Si (sample 12) and (b ) in S iG e with 6 at %  Ge peak 
concentration (6 .9x l015 G e+/cm2 at 30 keV ) (sample 61).
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T he sam ple in bulk-Si, F igure 45 (a), show s no detectible presence o f extended 
defects, w hereas the sam ple in Si0.94G e0.06 show s low density  o f End O f R ange 
(EO R ) defects at ~ 70 nm from  the surface, below  the form er a/c interface.
F igure 46 show s bright field (a) and w eak dark field (b) X TEM  m icrographs of 
the sam ple im planted with 3.48 x 1014 cm '2 B + at 7 keV and annealed  w ith T 3, in 
SiG e w ith 15 at % Ge peak concentra tion  (sam ple 64).
Figure 46 Bright field (a) and weak dark field (b) XTEM micrographs of the sample 64 (3.48xl014 
cm 2 B+ at 7 keV and annealed with RTA at 1050°C for 10” in SiGe 15 at % Ge).
The surface of the sam ple looks very dam aged, with the p resence o f hairpin 
dislocations w hich extend along all the S iG e layer ( Rp - 2 6  nm) up to the surface 
and not fully  regrow n; sm all regions o f  am orphous Ge are present near the surface 
(w ithin -  25-28 nm).
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6. Results from arsenic implanted samples
6 . 1 .  I n t r o d u c t i o n
In this chap ter are reported  sheet resis tance (R s) and H all m obility  (|Ih) m easured 
on sam ples in  G roup (b), described  in section  4 .1 .The atom ic and electrical p rofiles 
are presented , from  w hich the activation  o f  arsenic has been determ ined. Finally, 
selected  sam ples w ere observed by transm ission  electron m icroscopy to  investigate 
the form ation  and location  o f  ex tended  defects.
6 . 2 .  A c t i v a t i o n  a n d  c a r r i e r  t r a n s p o r t  o f  S i j . x G e x  d o p e d  w i t h  
a r s e n i c  a t  1 0 0 ,  3 0  a n d  1 0  k e V .
T his section is com posed o f  three parts: section 6.2.1 reports the results for 
arsenic im planted  a t 100 keV  into Sii_xG ex, section 6 .2.2 reports the results for 
arsenic im plan ted  a t 30 keV  and section  6.2.3 reports the results fo r arsenic 
im plan ted  a t 10 keV . T he data  p resen ted  are from  sam ples trea ted  w ith three 
d iffe ren t annealing conditions: T j (furnace annealing at 700°C for 20 m inutes), T 2 
(furnace annealing  plus R TA  at 1050°C fo r 10 seconds) and T 3 (RTA  only).
6.2.1 100 Ice V arsenic
6.2.1.1 Rs and p  h as a function o fG e  content in bulk-Si substrate
In all graphs in this chapter, lines jo in in g  data points are included  only as a guide 
fo r the eyes.
F igure 47 show s values o f sheet resis tance as a function o f Ge con ten t in the 
Si{_xG ex alloy  sam ples fo r the three d iffe ren t annealing schedules. T he solid  line fits 
the sam ples w hich w ere annealed  w ith  T i, the dashed line fits those sam ples w hich 
w ere annealed w ith T 2, and the do tted  line fits the sam ples w hich w ere annealed  w ith
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T 3. V alues o f  sheet resistance in sam ples annealed w ith Ti are consisten tly  higher 
than the corresponding values for T 2 and T 3. In all three annealing  conditions, the 
sheet resistance decreased  w ith increasing  G e con ten t up to a peak  concentra tion  o f 4 
at %, w ith a m inim um  value o f  119 ±  1 D /sq  after annealing at 700°C, 20m in plus 
RTA . F or h igher G e peak  concentra tions, sheet resistance increased w ith increasing 
G e conten t w ith a m axim um  value o f 144 ±  1 T>/sq for Sii-o.09Geo.09 annealed at 
700°C, 20m in.
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Figure 47 Sheet resistance as a function of Ge content, for As implanted at 100 keV and annealing 
conditions of: T, = 700°C, 20 min, T2 = 700°C, 20 min. + RTA and T3 = RTA only.
Figure 48 show s the variation in  H all m obility  in the sam e sam ples. Hall 
m obilities in SiG e w ere consisten tly  low er than that in bulk-S i substra te  annealed 
w ith T j. H ow ever, w ithin the S iG e sam ples, H all m obility w as alm ost independent o f 
G e content, and varied  only slightly  w ith  annealing  condition, show ing h igher values 
fo r sam ples annealed  w ith T 3.
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Figure 48 Hall mobility as a function of Ge content, for As implanted at 100 keV in Si and SiGe at 
100 keV and annealing conditions of T lfT2 and T3.
Table 8. Values of Rs a and pH for 100 keV As implanted in bulk-Si substrate and SiGe (0 at % Ge 
to 15 at % Ge) and annealed at Ti = 700°C, 20 min, T2 = 700°C, 20 min + RTA at 1050°C, 10 sec and 
T3 = RTA only.
Ge content 
(at % peak 
conc.)
A nnealing
Conditions
Rs {£11sq) Mh (cm2/V-s)
T, 16 3 + 2 137 + 1
0 t 2 - -
t 3 - -
T, 147 + 1 67 .3+ 0 .7
1 t 2 134 + 1 7 5 .7 + 0 .8
t 3 131 + 1 87 .8+ 0 .9
T i 131 + 1 64.7 + 0.6
4 t 2 119 + 1 71.6 + 0.7
t 3 120 + 1 7 4 .1 + 0 .7
T, 129 + 1 64.6 + 0.6
6 t 2 121 + 1 68.4 + 0.7
t 3 120 + 1 70.7 + 0.7
T, 144 + 1 68.6 + 0.7
9 t 2 138 + 1 7 0 .8 + 0 .7
t 3 138 ±1 73.1 + 0 .7
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T able 8 shows values o f sheet resis tance and Hall m obility  fo r all the annealing 
conditions as a function  o f germ anium  content in the Sii-xG ex alloy layers, im planted  
w ith arsenic at 100 keV , using bu lk-S i as substrate, w here the germ anium  peak 
concentration  varies betw een  1 a t % and 9 at %. The data w ere com pared  to those in 
bulk-S i substrate(0 at % Ge).
6.2.1.2 Effect o f Si post-amorphisation on Rs and pn
Figure 49 show s variation  in  sheet resistance as a function  o f  G e content for 
sam ples im planted  in bu lk-S i substrate and annealed w ith T 3, w ith  and w ithout post- 
am orphisation. W ith  the exception  o f  sam ples w ith 4 at % Ge, w here there is no 
effect, post-am orphisation  leads to an increase in sheet resistance.
Figure 49 Comparison of sheet resistance as a function of Ge content for samples implanted with 
100 keV As in bulk-Si substrate and annealed with RTA only, with and without post-amorphisation.
F igure 50 show s m easurem ents o f  H all m obility  for the sam e sam ples. In this 
case, although there w as no change in  H all m obility  at 1 at % Ge, post-am orphisation  
substantially  increased  the H all m obility  fo r sam ples w ith 4  a t % G e to 9 at % Ge. 
For exam ple, at 9 at % G e, the m obility  w as increased by ju s t over 20  %.
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at % Ge peak concentration
Figure 50 Comparison of Hall mobility as a function of Ge content for samples implanted with 100 
keV As in bulk-Si and annealed with T3, with and without post-amorphisation.
6.2.1.3 SR profiles
Selected sam ples from  this group w ere analysed by spreading resistance profiling. 
F igure 51 show s the free carrie r concentra tion  o f arsenic im plan ted  in SiG e, for 
values o f germ anium  peak  concentra tion  varying from  1 at % to 9 at % after 
annealing w ith T 3. T he peak  position  o f the arsenic d istribution  fo r the sam ple w ith 9 
at % germ anium  peak  concentra tion , is closer to the surface than the sam ples w ith 4 
at % and 1 at % Ge, w ith p eak  concentra tion  depth  at ~ 37 nm  and betw een 40 and 
50 nm , respectively.
T he sam e set o f sam ples w ere then analysed by spreading resis tance profiling, 
w ith and w ithout post-am orphisation , and the data are reported  in  F igure 52 in linear- 
linear plot. The data in  S iG e w ith  no PA  are indicated  w ith the square sym bol, 
w hereas the post-am orphised  sam ples are indicated  w ith the up-triangle sym bol. The 
arsenic peak concentra tion  o f  the free carrier distribution fo r the post-am orphised 
sam ples (dotted line) corresponds to the carrier peak  concentra tion  fo r arsenic as- 
im planted.
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Figure 51 SRP profiles of 100 keV As in bulk-Si substrate for samples annealed with T3
Figure 52 SRP profiles of 100 keV As in SiGe, annealed with T3, with and without Si post- 
amorphisation.
87
Chapter 6 Results from Arsenic Implanted Samples
T he arsenic d istribu tion  o f  sam ples w hich w ere not am orphised show ed a higher 
straggle distribution o f 98.8 nm  at FW H M  com pared to the straggle calculated  for 
sam ples after post-am orphisation  w hich was 93.4 nm  for 9 at % Ge peak 
concentration  after therm al trea tm en t w ith T 3 sam ples.
6.2.2 30 ke V arsenic
6.2.2.1 Rs and p n  as a function o f  Ge content in bulk-Si substrate
Figure 53 show s values o f  sheet resistance as a function  o f G e conten t in the 
Sii_xG ex alloy sam ples fo r the three d ifferent annealing schedules. F or all three 
annealing conditions, the sheet resistance decreased w ith  increasing  germ anium  
conten t up to a peak  concentra tion  o f  6 a t %, w ith a m inim um  value o f  203 ±  2 D /sq  
after annealing w ith T |.  F o r h igher germ anium  peak concentra tions, sheet resistance 
increased w ith increasing  germ anium  con ten t w ith a m axim um  value o f 492 ±  5 D /sq  
for S i1-o.15Geo.15 fo r the sam e annealing  condition. A nnealing  condition  m ade little 
d ifference to values o f sheet resistance, except at h igher concentrations o f 
germ anium  (13 a t % G e and 15 a t % Ge), w here values for sam ples annealed  w ith
Figure 53 Sheet resistance of 30 keV As, as a function of germanium content and annealing 
temperature in bulk-Si substrate.
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Figure 54 show s the  variation  o f the H all m obility  fo r the sam e sam ples. In all 
three annealing conditions, the m obility  increased w ith increasing germ anium  
content up to  6 at %, then decreased, levelling  o ff afte r 13 a t % Ge. T he highest 
value o f Hall m obility  was 116 ±  1 cm 2/V -s a t 6 at % G e annealed  w ith T i ; the 
low est value was 54.5 +  0.5 cm 2/V -s at 15 at % G e also annealed  w ith T i. A m ong the 
SiG e sam ples, H all m obilities w ere h igher under T i than under the other two 
annealing conditions fo r low er concentrations o f germ anium  (6 at % to 10 at %), bu t 
w ere low er under T j fo r h igher concentra tions o f germ anium  (13 at % to 15 at %).
Figure 54 Hall mobility of 30 keV As as a function of germanium content and annealing 
temperature in bulk-Si substrate.
Table 9 show s values o f sheet resistance and H all m obility  fo r all the annealing 
conditions as a function  o f germ anium  conten t in the Sii-xG ex alloy  layers im planted 
w ith arsenic at 30 keV , w here the germ anium  peak  concentration  varies betw een 1 at 
% and 15 a t %. T he da ta  w ere com pared  to those in bulk-Si (0 at % Ge).
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Table 9 Values of Rs and pn in bulk-Si for various Ge content (0 at % Ge to 15 at % Ge) and 
annealing temperature, where T) = 700°C, 20 min, T2 = 700°C, 20 min + RTA at 1050°C, 10 sec and 
T3 = RTA only.
Ge content 
(at % peak 
conc.)
Annealing
C onditions
R s (H/sq) pH (cm2/V-s)
T, 3 8 4 + 4 93 + 0.9
0 t 2 365 + 4 64.6 + 0.6
t 3 364 + 4 101 + 1
T, 203 + 2 116+ 1
6 t 2 212 + 2 104+ 1
t 3 207 ± 2 105 + 1
T, 208 + 2 104+ 1
10 t 2 223 + 2 8 9 + 0 .9
t 3 233 + 2 89.1 +0.9
T, 435 + 4 5 6 .7+ 0 .6
13 t 2 430 + 4 72 .6+ 0 .7
t 3 369 + 4 70 .8+ 0 .7
T i 492 + 5 54 .5+0 .5
15 t 2 470 + 5 71.6 + 0.7
t 3 400 + 4 75 .7+ 0 .8
62 .2 .2  Effect o f Si post-amorphisation on Rs and pn
Figure 55 show s variation  in sheet resistance as a function  o f G e conten t for 
sam ples im plan ted  in bulk-S i substrate and annealed w ith T 3, w ith and w ithout post- 
am orphisation. W ith  the exception  o f  sam ples w ith 0 a t % Ge, post-am orphisation  
leads to a substantial increase in sheet resistance, elim inating  the U -shaped trend 
observed earlier in  F igure 53. In particular, at 10 at % Ge, post-am orphisation  led to 
an increase in sheet resis tance o f  ju s t under 96% .
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Figure 55 Sheet resistance of 30 keV As as a function of Ge peak concentration for samples 
annealed with T3. Samples which did not received post-amorphisation (solid lines) are compared with 
samples that were post- amorphised (PA) (dashed lines).
Figure 56 show s m easurem ents o f  Hall m obility  for the sam e sam ples. In this 
case, post-am orphisation  led to a substantial increase in H all m obility  for all values 
o f germ anium  p eak  concentration . In particular, a t 13 at % Ge, post-am orphisation  
resulted  in  an increase in  H all m obility  o f ju s t under 74% .
O verall, the sam ples w hich received post-am orphisation  presen ted  less sensitivity 
to the germ anium  con ten t than those w hich w ere not post-am orphised.
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at %  G e peak concentration
Figure 56 Hall mobility of 30 keV As as a function of Ge peak concentration for samples annealed 
with RTA. Samples which did not received post-amorphisation (solid lines) are compared with 
samples that were post- amorphised (PA) (dashed lines).
6.2.2.3 SR and SIMS profiles
Sam ples im plan ted  in bulk-Si and in  S iG e w ith the w hole range o f germ anium  
concentrations used in  this w ork, w ere m easured by spreading resistance profiling 
after annealing w ith  T 3. F igure 57 show s the free carrier concentration  profiles o f 
these sam ples. A ll the sam ples in SiG e p resen t a shallow er junc tion  depth, for a 
background doping o f 10 18 cm '3, than the sam ple in bulk-Si substrate (~ 70 nm). 
H ow ever, the trend does no t vary system atically  w ith germ anium  content. The 
shallow est jun c tio n  dep th  observed was for 13 at % germ anium  peak  concentration  at 
~ 27 nm  and increasing  progressively  for 6 a t %, 15 at %, 10 at % and 0 at % Ge.
The sam e trend  is fo llow ed by the percentage o f  dopant activation. The 
percentage o f arsenic activation was calcu lated  by com paring the integration o f  the 
SRP profiles w ith the re ta ined  dose o f  As determ ined from  SIM S. C arrier activation 
ranged from  60%  in bulk-Si, dow n to 21%  in S i1_o.13Geo.13, as listed in the insert to 
(Figure 56).
92
Chapter 6 Results from Arsenic Implanted Samples
E
0a
CU 4 +~'—'
dc: A
0
0
!_
CD 1 0 19:
‘v_ 2
CU
O
CD
CD
LL.
40
Depth (nm)
Figure 57 SRP profiles of 30 keV As implanted in bulk-Si substrate and SiGe (from 6 at % Ge to 
15 at % Ge) and annealed with T3.
Figure 58 show s SIM S profiles for 30 keV  As im plan ted  in to  bulk-Si substrate 
and SiGe, as-im planted  and after annealing  w ith T 3. The as-im planted  arsenic peak 
distribution  in  bulk-S i and in SiG e (15 at % G e) coincided  at a depth o f ~  19 nm. The 
peak o f the arsenic d istribu tion  after annealing  is closer to the surface in SiG e, than 
in bo th  the as-im planted  sam ples. F or all sam ples in SiG e, the profiles p resen t a pile- 
up near the surface w hich is h igher fo r the highest germ anium  content. A fter 
annealing the tails o f  the profiles show  a reduction in arsenic d iffusion  in SiGe, 
com pared to  bulk-S i substrate. In particular, arsenic in  bulk-Si diffused to  a depth of 
-  85 nm  at 1018 cm '3 a tom ic concentration, w hereas all sam ples in SiG e diffused to 
depths betw een 66 and  72 nm.
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Figure 58 SIM S profiles o f  30  keV As in bulk-Si substrate and SiG e (6 at % to 15 at % Ge) 
annealed with T3,
6.2.3 l O k e V  As
6.2.3.1 Rs and pn as a function o f  Ge content in bulk-Si substrate
Figure 59 shows values o f sheet resistance as a function o f Ge content in the 
Sii-xGex alloy samples for the two different annealing schedules Ti and T3 . For this 
energy, annealing condition T 2 was not used. In both annealing conditions, sheet 
resistance increases with increasing germanium content. However this trend is 
considerably stronger in samples annealed with Tj than with T3. In bulk-Si substrate, 
values for both annealing conditions were similar, at 1388 ± 14 D /sq  for Ti, and 
1325 + 13 D /sq  for T3. In S i1-o.15Geo.15, corresponding values were, respectively, 
3419 ± 34 O /sq and 2 1 8 1 + 2 2  Q/sq.
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at % Ge peak concentration
Figure 59 Sheet resistance of 10 keV As implanted into bulk-Si substrate and SiGe (6 at % to 15 at 
% Ge) and annealed with T{ and T3.
at % Ge peak concentration
Figure 60 Hall mobility of 10 keV As implanted into bulk-Si substrate and SiGe (6 at % to 15 at % 
Ge) and annealed with Tj and T3.
95
C hapter 6 R esu lts from  A rsenic Im plan ted  Sam ples
Table 10 Values of Rs and pn in bulk-Si for various Ge content (0 at % Ge to 15 at % Ge) and 
annealing temperature, where T| = 700°C, 20 min and T3 = RTA at 1050°C, 10 sec only.
Ge content 
(at % peak 
conc.)
Annealing
Conditions
Rs (12/sq) Mh (c m A -s)
Ti 1388 + 14 129 + 1
0 t 2 - -
t 3 1325 + 13 137 + 1
T, 1451 + 14 88 .2+ 0 .9
6 t 2 - -
t 3 1658 + 17 115 + 1
T i 1830 + 18 89.3 + 0 .9
10 t 2 - -
t 3 1700 + 17 118 + 1
Ti 2521+25 9 1 .9 + 0 .9
13 t 2 - -
t 3 1887 + 19 121 + 1
T, 3419 + 34 89 .7+ 0 .9
1 15 t 2 - -
t 3 2 1 8 1 + 2 2 138+ 1
Figure 60 show s H all m obility  m easurem ents for the sam e sam ples. V alues are 
consistently  h igher fo r sam ples annealed  w ith T 3 than for furnace annealed  sam ples. 
The form er show  a U -shaped trend, such that m obility  decreases from  137 + 1 
cm 2/V -s in bu lk-S i substrate to 115 + 1 cm 2/V -s fo r 6 at % Ge, then increases to 138 
+ 1 cm 2/V -s fo r 15 at % Ge. In furnace annealed  sam ples, there is a sim ple d isparity  
betw een silicon and S iG e sam ples: H all m obility  is 129 + 1 cm 2/V -s in  bulk-Si 
substrate and ranges from  88.2 + 0.9 cm 2/V -s to 91.9 + 0.9 cm 2/V -s in SiGe.
T able 10 show s values o f  sheet resis tance and Hall m obility  for all the annealing 
conditions as a function  o f germ anium  con ten t in the Sii-xG ex alloy layers im planted  
with arsenic at 10 keV , w here the germ anium  peak  concentration varies betw een 1 at 
% and 15 a t %. T he da ta  w ere com pared  to those in  bulk-Si (0 at % Ge).
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y„ Discussion
7 . 1 .  I n t r o d u c t i o n
In this chapter, possib le  explanations for the patterns o f findings presen ted  in 
C hapters 5 and 6 are d iscussed. E ffects o f  the annealing conditions are considered 
briefly  in  section 7.2. Section 7.3 d iscusses effects o f the germ anium  content on 
electrical p roperties (sheet resistance, m obility  and carrier activation). Potential 
exp lanations o f these findings in term s o f (a) strain relaxation  and (b) dopant 
diffusion and activation  are outlined respectively  in sections 7.4 and 7.5.
7 . 2 .  I n f l u e n c e  o f  t h e  a n n e a l i n g  c o n d i t i o n s
A fter im plantation , som e o f  the sam ples w ere annealed w ith furnace annealing 
only (T i), som e o f them  w ith  Tj plus R T A  (T2) and som e only w ith R T A  (T3).
For all the sam ples listed  in C hapter 5 and 6 (Tables 4, 5, 6 , 7 and T ables 8 , 9, 10, 
respectively), values o f sheet resistance w ere consistently  h igher and values o f Hall 
m obility  consistently  low er in sam ples w hich received furnace annealing only (Tft, 
com pared  to those w hich received  R T A  (T 2 and T3). T he d ifference in these values 
betw een sam ples w hich received  furnace annealing  follow ed by R T A  (T2) and those 
w hich received R TA  only (T3) w as w ithin ju s t 5%. This pattern  o f  results is 
consisten t w ith electrical results fo r heavily  doped silicon and SiG e, w here R T A  is 
used to rem ove rad ia tion  dam age and ach ieve dopant activation [137]. T he furnace 
annealing  condition chosen for this w ork  at 700°C for 20 m inutes, w ould have 
regrow n the crystal structure (w hen am orphous) w ith partial e lectrical activation  of 
the dopant, but tem peratures o f 900°C  or above are necessary to fully  activate the 
arsenic and boron [138, 139] and over ~1000°C  to anneal residual defects, especially  
boron interstitial clusters or arsenic vacancy clusters [140].
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Sheet resistance w as especially  h igh in  B -doped  sam ples in bulk-Si w hich did not 
receive RTA  (e.g., 1700 Q /sq for 20 keV  B in bulk-Si after T i) and to a lesser extent 
in the alloy layers. In theses cases, the im plan ta tion  conditions w ould no t have been 
sufficien t to create an am orphous layer (see section 3.2); hence, dam age is repaired 
by generation , annihilation and d iffusion o f  po in t defects (see section 3.3 and [141]). 
This p rocess o f annihilation has a h igher activation  energy than the solid phase 
ep itaxy  process [141] and it requires tem peratures of the order o f  900 ~ 1000°C. In 
particu lar, A tzm on et al. [141] reported  that fo r Sb+ im planted in Si0.90G e0.10 a t a dose 
w hich  w as below  the critical value fo r fo rm ation  o f a continuous am orphous layer (~ 
1015 cm"2), annihilation  o f the im plan ta tion  dam age w as achieved only at 
tem peratures betw een 800 and 900°C  in N 2 atm osphere, w hen a m axim um  o f carrier 
activation  was recorded. A n analogous experim ent was carried ou t by  the sam e 
authors, im planting  Sb+ to a dose w hich w as above the am orphisation  threshold; in 
this case, re-crystallisation  by SPEG  w as achieved at tem peratures betw een  500 and 
600°C. M oreover, Zou e t al. [142] reported  that residual dam age caused  by high 
energy G e+ (400 keV ) and B F2+ (300 keV ) im plantation was rem oved only at 
tem peratures o f  950°C (in N 2 and A r2 atm osphere) and above. In addition, D ow ney 
et al. [143] reported  a system atic study on the annealing param eters to produce u ltra­
shallow , highly activated B +, B F2+ and A s+ im plan ted  junctions. In particu lar, they 
observed a reduction  in junc tion  depth a t l x l 0 17/cm 3 o f  320 A and reproducib le data, 
for 1 keV  and 2 keV  im planted B + in silicon, using a “ standard” annealing  condition 
o f  1050°C, 10” (40°C/s ram p-rate , 750°C  10” stabilisation step and 27°C /s cool), 
w hen the level o f background 0 2 (w hich w as causing oxidation enhanced  diffusion, 
O ED , by in jecting  Si-interstitials) w as m onitored  and reduced to a m inim um  level o f 
33 ppm . T he ram p-rate alone (com pared to  spike ram p-rate o f 240°C /s) did have 
neg lig ib le effects on boron activation and diffusion. H ow ever, a sign ifican t reduction 
in  jun c tio n  depth was found for those sam ples w hich received a fast cool dow n rate 
(from  standard at 27°C/s to  fast 86°C/s).
In this w ork, a N 2 atm osphere w as used to perform  all the annealing  (see section 
4.2 .4). M oreover, TEM  analyses (see section 5.3) on sam ples annealed  w ith T 3, show 
that the residual im plantation dam age w as fu lly  rem oved even in sam ples w here an 
am orphous layer was not fo rm ed afte r im plan ta tion  (B in bulk-Si). H ence the 
d iscussion w hich follow s focuses especially  on those sam ples annealed  w ith RTA .
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7 . 3 .  I n f l u e n c e  o f  g e r m a n i u m  c o n t e n t  o n  e l e c t r i c a l  p r o p e r t i e s
V alues o f  sheet resistance o f B -doped  layers in bulk Si and SOI w afers differed 
m ostly  w ithin experim ental error o f  ±  1%. S ince the current flow  into the substrate in 
the SOI w afers is blocked by the buried  oxide layer, the close correspondence in 
sheet resistance indicates that low -leakage p-n junc tions w ere generated also in the 
sam ples im planted  in bulk-Si w afers. It is also assum ed that no sign ifican t leakage 
occurred  in the A s-doped sam ples, since n-p junc tions w ere form ed by the sam e 
process (see section 4.2).
T he reproducibility  o f the m easurem ents was tested  through repeated  
m easurem ents o f  the sam e sam ples m ade a t various tim e in tervals (30 seconds up to 
6 m onths). T he scatter in these m easurem ents was w ithin ± 1 % .
As discussed in  section 4 .3 .2 , values o f ea rn e r  concentration  derived from  the 
SR P m easurem ents had a no tional accuracy o f  ±  2.5% . H ow ever, since the bulk Si 
m obility  w as used to ex tract carrie r concentrations in SiGe, and given uncertainty 
about the crystal quality  o f  the m aterial and actual carrier m obility  in  IBS SiG e, there 
rem ains the possib ility  o f  sign ifican t system atic errors. S ince these errors rem ain 
unknow n at p resen t (see section 4.3 .2), it is im possible to estab lish  a reliable 
confidence lim it in determ in ing  carrie r concentration  profiles from  SR P 
m easurem ents in IBS SiG e. H ence the carrier concentration  p rofiles reported  here, 
and all p roposed values o f N s, (Id, i'i-i and X ei w hich w ere calcu lated  using them , 
m ust necessarily  be treated  as speculative. T hese values should be taken to indicate 
possib le trends and not absolute m easurem ents.
A ssum ing an uncertainty o f ±  3%  in atom ic concentration and ±  1% in profile 
depth  in  the SIM S m easurem ents, the  sheet atom ic concentration  is estim ated  to have 
an uncertain ty  o f ± 3.2%  1 [144].
7.3.2 Trends in sheet resistance
V alues o f sheet resistance in the silicon control sam ples (0%  Ge) for bo th  dopants 
at all im plantation  energies are w ithin the range o f  values published  elsew here in the
1 For calculations with n independent sources of error, £,, e2 ... £„, combined error was calculated
7.3.1 Credibility and reproducibility o f measured values
99
C hapter 7 D iscussion
literature [82, 145, 146] fo r annealing  tem peratures ranging from  750°C  up to 
1100°C and boron or arsenic peak  concentra tion  betw een ~ 1018 and ~1021 (400 to 
525 £2/sq fo r 7 keV  B; 120 to  125 f l/sq  fo r 20 keV  B; 170 Q/sq  to 200 iQ/sq for 100 
keV  A s; 350 £i/sq to 550 D /sq  fo r 30 keV  A s; and 1000 £2/sq to 2010  QJsq for 10 
keV  A s).
A  sum m ary o f  values o f  sheet resistance as a function o f the germ anium  peak 
concentration  (0 <  x < 0.09 fo r 100 keV  G e and 0  < x < 0.15 fo r 30 keV  Ge) for 
boron im planted  at 7 and 20 keV , respectively  in silicon and SO I and annealed w ith 
R TA , is show n in F igure 61. A s reported  in chapter 5, the overall trend show s an 
increase in  sheet resistance as a function  o f  germ anium  content up to the m axim um  
value investigated at 15 a t % fo r all the annealing  conditions used here.
F igure 62 show s a com parison o f  sheet resistance m easurem ents as a function of 
germ anium  conten t fo r the th ree arsenic im plantation  energies, again fo r sam ples 
annealed  w ith R T A  only, w hich exhib ited  the low est values o f sheet resistance. The 
tw o deeper im plants (100 keV  and 30 lceV) show sim ilar U -shaped  trends as a 
function  o f  germ anium  content, w hereas the shallow er im plant (10 keV ) show s a 
slight increase in sheet resistance w ith  increasing germ anium  content.
at % Ge peak concentration
Figure 61 Sheet resistance as a function of Ge peak concentration for both 7 keV and 20 keV B 
implanted into bulk-Si and SOI and annealed with RTA at 1050°C for 10” (T3)
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Figure 62 Comparison of sheet resistance of As implanted at 100, 30, and 10 keV in Si and SiGe 
(1 at % to 10 at % Ge) and annealed at 1050°C for 10 seconds.
These results contrast w ith published  results for SiG e layers grow n by M B E/C V D  
[147, 148, 149], w hich have generally  show n a reduction in sheet resistance with 
increasing germ anium  con ten t up to  30% , in  both n-type and p-type layers.
C onsidering that the sheet resis tance  is Rs «= l / / l eNs , the trends in sheet 
resistance observed here m ust be rela ted  to corresponding trends in |i. and/or Ns- For 
exam ple, the increase in  sheet resistance w ith increasing germ anium  content, 
observed in the B -doped sam ples, is a ttribu tab le to  a corresponding decrease in either 
the drift m obility  or the num ber o f  activated  carriers, or both. It should  be noted also 
tha t the carrier activation  and m obility  are norm ally expected  to have an inverse 
relationship  at room  tem perature ow ing to  the predom inant effec t o f the im purity 
scattering  over the lattice scattering  [150]. In the next two sections, respectively , the 
dopant activation and the m obility  are discussed.
7.3.3 Carrier activation
For all sam ples w here both SIM S and  SRP data w ere available, speculative values 
o f  the percentage o f activated  ea rn ers  w ere derived for each sam ple by integration 
under the two corresponding curves. G iven uncertainty about the accuracy o f the
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SRP carrier concentration  profiles (see sections 4 .3 .2  and 7.3.1), the values proposed 
should not be taken as absolute values, but as an indication o f  possib le  trends in 
carrier activation w ith varying G e content. F igure 63 com pares the dopant atom ic 
p rofiles from  SIM S w ith the derived  free carrier d istribution from  SRP for 30 keV  
arsenic in bulk-Si and in SiG e (10 at % Ge), after annealing w ith R T A  only. In both 
cases the SRP profile show s a box shape, w ith low er activation in bo th  the peak  and 
the tail, com pared to  the SIM S profiles. In tegration  under these  curves was used to 
calcu late  the percentage o f  activated  carriers. The activation o f arsenic in bulk-Si was 
alm ost 60% , w here the m ain  concentra tion  o f activated carriers w as w ithin the first 
70  nm. In SiG e the proposed  percen tage o f  earners activated w as 55%  o f  the actual 
dose extracted  from  the SIM S profile  w ith the m ain concentra tion  o f  the activated 
carriers w ithin the first 50 nm  (considering the electrical ju n c tio n  depth at 1018 
ions/cm 3). F or the sam ples im plan ted  w ith  arsenic at 100 keV , w here SIM S data 
w ere not available, the nom inal dose was used  as an estim ate o f the actual dose.
Figure 63 Comparison between SIMS atomic profiles and proposed free carrier concentration 
profiles from SRP for 30 keV As in Si and SiGe (10 at% Ge) and annealed with RTA.
Proposed values o f  percen tage carrie r activation for B -doped  and A s-doped 
sam ples are described in F igure 64 and F igure 65, respectively. F or both  dopants, the
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shallow er im plants show  low er values o f  carrie r activation than the deeper im plants. 
This is consisten t w ith pub lished  results fo r boron im planted  in to  silicon: from  Hall- 
van der Pauw  m easurem ents, C ollart e t al. [151] found that, w ith  decreasing 
im plantation  energy o f boron into bulk-Si from  10 keV  to 100 eV , e a rn e r  activation 
becam e increasingly difficult. A fter considering an explanation  in  term s o f boron 
clustering, they argued tha t this trend was attributable to boron trapping and 
deactivation at the surface; a sim ilar explanation  o f  the curren t results is developed in 
section 7.5.2.
For each  im plan ta tion  energy, F igure 64 clearly  shows an inverse pattern  to that o f 
the sheet resistance values reported  in F igure 61: fo r 7 keV  boron, the steady increase 
in sheet resistance w ith increasing  germ anium  conten t is m atched  by a corresponding 
decrease in carrier activation; fo r the 20 keV  boron, the  sharp increase in sheet 
resistance from  0 to  1 at % Ge in particu lar is m atched by a sharp decrease in carrier 
activation. This ind icates tha t the  d isparity  betw een the trends reported  here o f sheet 
resistance for B -doped S iG e sam ples and those reported elsew here fo r epitaxy 
m aterial [147, 148, 149], m ust be  a t least partly  attributable to a failu re to activate the 
dopant.
Figure 64 Proposed percentage of free carrier activation for boron implanted at 20 and 7 keV in 
bulk-Si and SiGe after RTA at 1050°C for 10” (T3).
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Figure 65 Proposed percentage of free carrier activation for arsenic implanted at 100 and 30 keV 
in bulk-Si and SiGe after furnace annealing at 700°C for 20’ (TO or RTA at 1050°C for 10” (T3).
Proposed values o f carrie r activation  for A s-doped sam ples show n in F igure 65 
are less clearly  related  to values o f sheet resistance for these sam ples show n in 
F igure 62, although there is som e correlation. F or sam ples im plan ted  w ith 100 keV  
As, an inverted U -trend is apparent, corresponding w ith the U -trend observed in 
sheet resistance. F or sam ples im plan ted  w ith 30 keV  As, the sharp  increase in  sheet 
resistance observed betw een  10 and 13 at % Ge is m atched by a sharp decrease in 
carrier activation; on the o ther hand, the reduction in sheet resis tance from  0 to 6 at 
% Ge is accom panied by a decrease in carrier activation, from  w hich it can be 
concluded that the sheet resis tance trend here m ust be explained in term s o f changes 
in  the m obility.
7.3.4 Hall and Drift mobility
M easurem ents o f  channel, H all and d rift m obility  in SiG e layers grown by 
M B E/C V D  have typ ically  show n rising  values w ith increasing germ anium  content 
[147, 148, 149]. In the w ork presen ted  here, m easures o f H all m obility  typically 
decreased w ith increasing  germ anium  conten t (see sections 5 .2 .1 .1 , 5 .2 .2 .1 , 6.2.1.1,
6.2.2.1 and 6.2.3.1). H ow ever, several authors [13, 152, 153, 154, 155] have argued
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that Hall mobility measurements are not the most appropriate measure of carrier 
transport properties at room temperature. The main reason for this is intrinsic to the 
Hall method (see section 4.3.1). The carriers which move perpendicular to the 
magnetic field applied B z, will be deflected from their direction of motion by the 
Lorenz force. This deflection will cause a Hall voltage across the sample, which is 
given by [155]:
VH = R HIxBz / d ,  Eq. 7.1
where d is the sample thickness in the direction of the magnetic field, Ix is the current 
through the sample and Rh is the Hall coefficient. The Hall coefficient can also be 
expressed as [155]:
RH = r H/(Ne) ,  Eq. 7.2
where N  is the carrier concentration, e is the electric charge and m  is the Hall
scattering factor. The Hall mobility is then defined as the product of the conductivity, 
cr, and the Hall coefficient and is related to the drift mobility, {.id, as follows [155]:
juH = oRh =  eNjuD / Ne -  rH juD Eq. 7.3
Thus the Hall scattering factor, i'h, is the conversion factor needed to determine 
both the actual carrier concentration and the drift mobility from Hall measurements. 
However, a problem in determining rn is that it is not possible to measure 
independently the drift and Hall mobilities nor the absolute carrier concentration and 
the Hall carrier concentration.
By convention, the Hall carrier concentration (Nh) and the Hall mobility ((.in) are 
calculated from Rh, using the approximation 1h = 1 (see section 4.3.1), which leads 
to Mh -  Md- However, a theoretical analysis shows that the approximation i‘h = 1 is 
not always adequate. A method to estimate the Hall scattering factor was presented 
by Joelsson et al [155], using the relationship: rH = N / N H =  (N /  N B)(N B / N H) ,  
with (N/Nb) being the degree of ionisation, obtained from a theoretical calculation
[156], and (Nb/Nh) being the ratio between the concentration of boron atoms 
estimated from the conductivity of a Si reference sample and the experimentally
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m easured H all carrier concentra tion . In S iG e, the degree o f  ion isation  is expected to 
increase w ith increasing germ anium  content, ow ing to a reduction  in the ionisation 
energy due to bandgap narrow ing. Therefore, in  order no t to underestim ate (N/Nb), 
the bandgap narrow ing as a function o f  germ anium  content, has to be taken into 
account in  calcu lating  i'h- A ccord ing  to the w ork o f M am ontov e t al. [156], for 
doping concentrations up to  ~ 3 x l0 18 cm  3 calculations o f  rn are insensitive to the 
choice o f m ethod or m odel, and one can  assum e that the carrie r concentration 
depends m ainly on the ion isation  energy. H ow ever, for h igher concentrations (up to 
-  2x l 020 cm '3) a substantial proportion  o f the dopants m ay no t be ion ised  and further 
com plications, such as carrier-carrier scattering  and tem perature dependent bandgap 
narrow ing, m ust also be considered.
0.9 ■ 
0.8
X
4_r 0,7- A
o T4—>ocd*4—0.6-
CT)C
CD
ts
0.5-
coo o 4*.CO
To
X 0.3-
0.2
T" 1—I—1—I—1—I—
4> Lu et al. (2x1018cm'3)
A. Joelsson et al. (2-3x1018cm'3) 
V Joelsson et al. (~7x1018cm'3)
'"A.
—1
6 8 10 12 14 16 18
Ge content (%)
—i—i—i—
20 22 24
Figure 66 Hall scattering factor rH in B-doped SiGe layers grown by MBE as a function of 
germanium content (at %), from data obtained by Lu et al [154] and by Joelsson et al [155].
Figure 66 show s values o f  i*h as a function  o f  germ anium  concentration , from  data 
collected  by Lu et al [154] and by Joelsson e t al [155] for strained B-doped 
S ii.xG ex grown by M B E  w here 0 < x < 0.24 w ith a  B concentra tion  betw een 2 x 1018 
and 7.5 x 1018 cm '3 a t room  tem perature. T hese data show  the deviation  from  a value 
o f unity  fo r the H all scattering  fac to r in alloy layers: here, values o f the Hall
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scattering  factor are consisten tly  below  unity, decreasing  from  -0 .7  in bulk-Si to 
-0 .4  in SiG e w ith > 15 at % Ge.
The availability  o f  values o f Hall scattering fac to r for B -doped sam ples in the 
literature [154, 155] p rov ides a m eans o f estim ating  the d rift m obility (po) from  
direct m easurem ents o f  H all m obility , according the rela tion  fiD =  g H /  rH , for those 
sam ples doped w ith boron [13]. H ow ever, a com plication  arises in ion beam  
synthesised S iG e due to  the depth  dependence o f  the layer com position, w hich gives 
graded S iG e in terfaces ra ther than layers o f  hom ogeneous com position. H ence, in ion 
beam  synthesised SiG e, it is not clear w hether the effects o f germ anium  conten t on 
the bandgap, w hich in fluence rH, w ill be the sam e as in S iG e layers grow n by 
M B E/C V D . F urtherm ore, the dopant concentra tions used in this w ork w ere m ore 
than one order o f  m agnitude g reater than those used by the authors referenced above 
( ~ lx l0 20cm '3), and the shallow er im plants fo rm ed considerably  th inner layers (-7 0  
nm ) than those referred  to in F igure 66 (typically  -1 5 0  to -2 2 0  nm, sim ilar to the 
deeper im plants perform ed here).
An alternative rou te to estim ating  the d rift m obility  is through the relation, 
Rs = \ / g e N s , d iscussed earlier (section 7.3 .2): according to this relation , it is 
possib le  to estim ate the d rift m obility  independently  o f  H all m obility  m easurem ents, 
as a function o f the sheet resistance (Rs) and free sheet carrier concentration  (N s): 
g  =  1 /  RseNs . In the early  1990’s, M cG regor and co lleagues [157] used this relation
to estim ate the d rift m obility  o f  boron (1.5-2.1 x lO 19 cm ’3) in S iG e grown by M B E 
w ith germ anium  concentra tion  up to 20%, approxim ating the sheet carrier 
concentration from  SIM S analysis assum ing 100%  boron activation.
H ow ever, the availability  o f speculative values o f carrier concentration  from  SRP 
m easurem ents reported  in  this thesis, m akes it possib le  to p ropose corresponding 
values o f  d rift m obility  w ithout assum ing 100% dopant activation. F or those sam ples 
m easured by SRP in this w ork, speculative values o f d rift m obility  w ere calculated 
using the form ula, g  = 1 /  RseNs . A dditionally , speculative values o f the Hall 
scattering factor w ere derived by com paring the calcu lated  values o f drift m obility 
w ith the m easured values o f H all m obility  for each sam ple.
It is im portan t to re itera te  that the values o f  carrier concentration  used in these
calculations w ere derived assum ing  a value o f bu lk  Si m obility  in the absence of
experim ental values for IBS SiGe. H ence, the values o f  (lid and rn proposed here
should not be taken as absolute values, bu t m ay indicate possib le trends in these
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param eters (see section  7.3.1). N evertheless, the use o f bu lk  Si m obility  is currently  
accepted  fo r general use in SRP analyses [131, 132, 134, 135, 136], and is also used 
in m odelling  softw are such as SILV A C O  A TLA S [133] to estim ate electrical 
characteristics o f S iG e m aterial for device purposes. In addition, in the w ork 
presen ted  here, the germ anium  peak  concentra tions used w ere relatively  low  (up to 
15 at % G e) and the dopan t concentration  was rela tively  high (102° cm"3); under these 
conditions the S iG e alloy  scattering  is considered negligible, as the m ain  scattering 
effect is assum ed to be  due to im purity  scattering  [152].
In order to test the sensitivity  o f  the obtained values o f carrier concentration  to  the 
value o f bulk  m obility  used, additional calcu lations w ere m ade by S em iconductor 
A ssessm ent Services L td., varying the bu lk  m obility  over a range o f 50%  (± 25% ). 
R esu lting  estim ates varied over a range o f ±  10%. T his suggests that the values of 
carrier concentra tion  reported  here m ay be com paratively  reliable.
Som e further confidence in the results presen ted  here is given by the close 
agreem ent o f values o f  i’h proposed  here fo r the h igher energy boron im plants (100 
keV ) w ith the values reported  in the literature fo r M B E/C V D  strained S iG e layers, 
obtained using d iffe ren t estim ation m ethods [154, 155]. F igure 67 com pares the 
calcu lated  values o f ih  for both B- and A s-doped sam ples in this work, w ith the 
published  values fo r B -doped  M B E/C V D  SiG e layers previously  reported  in Figure 
66 . They show a very good agreem ent for the h igher energy im plants.
H ow ever, contrary  to the general trend o f a reduction  in the H all scattering  factor 
w ith increasing germ anium  content, the trends for all four sets o f sam ples show  a 
no ticeable increase in p roposed values o f Th for the h igher values o f  germ anium  
con ten t investigated. A  possib le explanation  is that the S iG e layer had relaxed in 
these sam ples (this suggestion is developed in section 7.4 below ), in w hich case a 
d ifferen t set o f factors should  have been involved in determ ining the H all scattering 
factor. V alues fo r the 20 keV  B im plants w ere close to the published data over the 
m iddle range o f  germ anium  concentrations (from  1 to 6 at % Ge), but values fo r the 
7 keV  B im plants w ere considerably  low er. It is w orth  noting that the thickness of 
the S iG e layer fo r the h igher energy im plants w as sim ilar to those in the literature 
(-2 0 0  nm ) w hereas the layer created  by the low er energy im plants w as m uch th inner 
( -7 0  nm ). W e can  speculate that the low er values o f ih  in  the thinner layers can be 
attributed  to a stronger trapping-effect o f the surface in these sam ples, and therefore 
a low er carrier activation  [151].
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Figure 67 Speculative values of Hall scattering factor rH as a function of germanium content (at 
%), in B-doped SiGe, compared with data obtained by Lu et al [154] and by Joelsson et al [155].
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Figure 68 Speculative values of drift mobility as a function of Ge peak concentration for samples 
implanted with 20 keV B or with 7 keV B after RTA.
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Figure 69 Speculative values of drift mobility as a function of Ge peak concentration for samples 
implanted with 100 keV As or with 30 keV As after RTA except for the sample with 100 keV As in 
bulk-Si, which was annealed with T t.
Speculative values o f  d rift m obility  for bo th  B- and A s-doped sam ples are 
sum m arised  in F igure 68 and F igure 69, respectively . Com paring these values w ith 
the m easurem ents o f H all m obility  reported  in  chapters 5 and 6 , it is apparen t that 
they are larger, in som e cases by as m uch as 200-300%  (e.g. for SicraGeo.i w ith 7 keV  
B, the proposed  drift m obility  is 179 cm 2/V -s w hereas the H all m obility  is ju s t 42 
cm 2/V -s). This is consisten t w ith values o f rn being  less than unity. Furtherm ore, in 
m any cases the H all and proposed  d rift m obilities show opposite trends w ith 
increasing germ anium  content, as found e lsew here for epitaxially  grow n m aterial
[157]: w hile  values o f  H all m obility  generally  show  a dow nw ard trend w ith 
increasing germ anium  content, the trends in proposed  drift m obility  are m ore 
com plex, w ith only the values fo r 100 keV  A s show ing a com parable dow nw ard 
trend. O n the o ther hand, proposed  values o f  d rift m obility  fo r 30 keV  As and fo r the 
B -doped sam ples show  form s o f  inverted  U -trend, increasing up to in term ediate 
values o f  germ anium  conten t, then declining.
C om paring these trends w ith  the corresponding  results fo r sheet resistance and 
carrier activation, it can be seen that the trends observed in sheet resistance are in 
general m ore closely  rela ted  to the proposed  values o f carrier activation  than  to those 
o f  d rift m obility. In sam ples im plan ted  w ith 7 keV  B , a steady rise in  sheet resistance
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w ith increasing germ anium  is accom panied  by an inverse trend in carrier 
concentration . H ow ever the sharp peak  in  m obility  a t 10 at % Ge is not reflected  in 
e ither o f these trends. In sam ples im plan ted  w ith  20 keV  B, the increase in sheet 
resistance from  0 to 1 at % G e occurs desp ite  a rise  in m obility, bu t is rela ted  to a 
reduction in carrie r activation over the sam e range o f  germ anium  content. In sam ples 
im planted  w ith 100 keV  A s, m obility  falls slightly  over the range o f  germ anium  
content, w hereas the U -trend in sheet resistance is clearly  reflected  in an inverted  U- 
trend in carrie r activation.
In sam ples im plan ted  w ith 30 keV  As, it is necessary  to consider the m obility  in 
order to account fo r the trend in sheet resistance. A s noted above (see section  7.3.3), 
the sharp decrease in sheet resistance from  0 to  6 a t % G e in these sam ples cannot be 
explained in  term s o f  an increase in  carrier activation  because carrier activation also 
falls over this range o f germ anium  content. O n the other hand, the proposed  values o f 
d rift m obility  rise  by over 100% over the sam e range. A lso the H all m obility  rises 
over this range, from  101 cm 2/V -s in bullc-Si to 125 cm 2/V -s in  6 a t % G e— despite 
the opposing in fluence o f the H all scattering  factor, from  w hich is pred ic ted  a g reater 
underestim ation o f  d rift m obility  w ith increasing  germ anium  content—-showing the 
reliability  o f this increase in m obility  using tw o com pletely  independent 
m easurem ent techniques. Thus in these sam ples it is an increase in m obility  w hich 
accounts for the reduction  in sheet resistance.
7 . 4 .  S t r a i n  r e l a x a t i o n
B oth T E M  analyses and electrical resu lts p rovide evidence that alloy layers w ith 
the h ighest values o f germ anium  conten t (13 and 15 a t % G e in the shallow er 
im plants, and 9 at % G e in the deeper im plan ts) had  relaxed during annealing  (T3).
7.4.1 Evidence from TEM analysis
In T E M  analyses on selected  sam ples (see section 5.3), the sam ple im plan ted  w ith 
7 keV  boron in silicon show s no detectab le presence o f extended defects and a good 
crystalline quality  o f  the regrow n layer. H ow ever, the sam ple w hich contains 6 a t % 
germ anium  show s the p resence o f  E O R  defects at a depth ju s t below  the 
am orphous/crysta lline in terface (~ 50 nm ) prio r to SPEG. T he density  o f these 
defects w as at the lim it o f the TEM  detection and thus the areal density  was 
estim ated  to  be betw een ~ 10 5 and ~106 cm*2. O verall this sam ple also  presen ted  a 
good crysta lline quality  (see F igure 45).
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In contrast, in both bright and w eak beam  dark field TEM  m icrographs (see 
F igure 46), the sam ple w ith 15 at % Ge peak concentration show s a very highly 
dam aged surface with the p resence o f hairpin dislocations, w hich ex tend up to the 
surface from  a depth o f ~ 100 nm , ju s t below  where the form er a/c in terface was 
located  before SPEG , together w ith pockets o f am orphous Ge w ithin the sam e 
region. These features provide c lear ev idence that the critical G e peak  concentration  
was exceeded  in this sam ple and that the layer had relaxed during annealing  (see 
section 2.4).
t ) 2 D ® 4 ) ® ® 7 ) ®
D epth (nm )
Figure 70. Combined figure of a TEM micrograph and SIMS profile on sample 64 (7 keV B in 
SiGe with 15 at % Ge peak concentration and annealed with RTA at 1050°C for 10”).
Figure 70 shows a TEM  m icrograph w ith a superim posed SIM S profile from  the 
sam ple described above. As show n in the figure, the entire boron distribution  (~ 70 
nm at 1018 cm"3) lies well inside the dam aged layer (~ 100 nm). This helps to explain 
why the electrical properties degrade especially  in sam ples w ith high germ anium  
content. M oreover, as d iscussed subsequently  (see section 7.5 .1) the p resence of 
E O R  defects even in sam ples w ith low er germ anium  content, com pared  to the 
absence o f  detectable defects in bulk-Si, m ay also contribute to the increase in sheet 
resistance over the range o f the germ anium  content studied here.
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7.4.2 Evidence from electrical measurements
T he TEM  observation  o f strain relaxation  in the sam ple illustrated in F igure 70 is 
consisten t w ith  the com paratively  high value o f  sheet resistance (897 H /sq) and 
com paratively  low  proposed values o f  carrie r activation (22%) and drift m obility  
(133 cm 2/V -s) in this sam ple (see F igure 36, F igure 64 and Figure 68). H ow ever, 
inspection  o f  the trends in these properties w ith germ anium  peak concentra tion  over 
the range from  0  at % to 15 at % suggests fu rther that relaxation in the 7 keV  B 
sam ples m ay have happened also w ith  13 at % Ge. In particular, the sheet resistance 
rises steadily  up to (904 D /sq) at this germ anium  concentration and then levels o ff  
(see F igure 61), w hile the proposed  d rift m obility  rises up to 10 at % Ge and then 
falls through 13 to 15 at % G e (see F igure 64). B oth  o f these trends show  turning 
points in the region betw een 10 and 13 at % Ge.
Figure 71 The effective density of states for strained and unstrained SiGe as a function of Ge 
fraction. The values have been normalised to the value obtained at 0 % Ge (3.10xl019 cm'3), which 
correspond to value for Si (from ref. [149])
Further evidence fo r the occurrence o f strain  relaxation at 13 at % Ge com es from  
speculated values o f the H all scattering  fac to r for sam ples im planted  w ith 7 keV  B 
reported  in  F igure 67. F o r germ anium  concentrations up to 10 at % G e, the
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calculated Hall scattering factor decreases from 0.58 to 0.24, consistent with the 
expected trend in strained SiGe. However this trend is then interrupted as the values 
increase to 0.25 at 13 at % Ge and 0.30 at 15 at % Ge. As discussed by Manku et al 
[149], with increasing germanium content in strained SiGe alloy, the effective 
density of states in the valence band decreases (a theoretical explanation is given in 
ref. 149), resulting in a corresponding decrease in the Hall scattering factor and an 
increase in drift mobility; however, the effective density of states is higher in 
unstrained compared to strained SiGe (see Figure 71), resulting in higher values of 
the Hall scattering factor and lowered values of drift mobility [149]. Assuming that 
strain relaxation had occurred in the Sio.87Geo.13 and Sio.85Geo.15 layers, these 
considerations would predict exactly the pattern of results observed here.
Results from samples implanted with 30 keV arsenic, show similar trends, but 
with some variations. As with the B-doped samples, there is a sharp decrease in 
mobility and a sharp increase in the calculated Hall scattering factor with high 
germanium content, but this is restricted to the samples with 15 at % Ge. 
Nevertheless, from 10 to 13 at % Ge, there is a drop in the proposed value of carrier 
activation from 52% down to 20% of the implanted dose. This would account for the 
apparent increase in drift mobility over the same range, since the reduced number of 
carriers will lead to a corresponding reduction in carrier-carrier scattering, a key 
factor in determining both the Hall scattering factor and the drift mobility for higher 
dopant concentration [134, 149].
Furthermore, it is suggested that also in samples with 9 at % Ge in the deepest 
implants strain-relaxation of the alloy may have occurred. Although values of sheet 
resistance, carrier activation and drift mobility do not show a clear turning point, 
there is a clear upturn in the calculated Hall scattering factor at this germanium 
content for B-doped samples: at lower germanium peak concentrations, values of rn 
closely follow the available published values for layers of a similar thickness, 
decreasing from 0.70 in Si0.99Ge0.01 to 0.60 in Sio.94Geo.06, but the value of 0.67 in 
Si0.91Ge0.09 shows a marked departure from this downward trend (see Figure 67). 
Although values of rn are not available for all of the samples doped with 100 keV 
As, the available values are also consistent with this trend: in particular, the proposed 
value of the Hall scattering factor in Sio.91Geo.09 (0.51) is higher than that in 
Sio.96Ge0.o4 (0.49), although a value for Sio.94Geo.06, the expected minimum according 
to the trend for 20 keV B, has not been obtained.
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7.4.3 Comparison with available models o f strain relaxation
A lthough the range o f germ anium  doses used here w as in tended to generate 
strained SiG e layers fo r all im plantation energies using the m odel o f C ristiano e t al 
[139], 15 at % G e peak  concentration  is very close to the critical value for 30 keV  
Ge. This im plantation  already exceeds the critical concentration  according to both 
theoretical p red ic tion  and experim ental results o f P a ine’s w ork (see section 3.2). In 
relation to the latter m odel, even 13 at % G e peak  concentration  is borderline and 
already relaxed  in  term  o f  P a ine’s experim ental w ork (see F igure 15). S im ilarly for 
the deeper im plants, it should be  noted that 9 at % G e peak  concentration  is above 
the critical value fo r 100 keV  G e from  P ain e’s experim ental results, even if  both 
C ristiano e t al and  P a in e ’s theoretical m odel suggest a critical concentration closer to 
10 at % Ge fo r this im plantation energy. This suggests that strain relaxation  has 
occurred in the deeper im plants w ith 9 at % G e peak  concentration . The discussion 
w hich follow s in  section 7.5 w ill therefore focus m ainly  on the electrical properties 
o f those sam ples w hich we can be confident have a strained SiG e layer (0 to 10 at % 
Ge for the shallow er im plants, 0 to 6 at % G e fo r the deeper im plants).
7 . 5 .  D o p a n t  d i f f u s i o n  a n d  c a r r i e r  a c t i v a t i o n
W hile  strain  relaxation  can explain the degradation in electrical properties 
observed for the h ighest germ anium  concentrations in each set o f sam ples, it cannot 
be used to explain  the electrical characteristics over the w hole range o f germ anium  
content investigated . In order to explain  these characteristics it is im portant to 
consider also the patterns o f  dopant d iffusion and carrier activation in  these sam ples. 
C haracteristics o f  the dopant profiles from  SIM S are sum m arised in section 7.5.1, 
focusing especially  on the extent o f diffusion and dopant p ile-up at the surface during 
the annealing. P ossib le m echanism s o f d iffusion and deactivation  for boron and 
arsenic are considered  in sections 7.5 .2  to 7.5.3. F inally  the electrical junc tion  depths 
achieved are considered  in  section 7.5.4.
7.5.1 Characteristics o f dopant profiles
SIM S profiles from  selected  sam ples w ere show n in sections 5.2.2.3 and 6.2.2.3. 
T he boron peak  concentra tion  is ~ 1 x 102° B +/cm 3 for both the chosen energies. The 
integral under the SIM S curves confirm s that the target doses o f 1 x 1015 and 3.48 x 
1014 cm "2 fo r boron im plan ted  at 20 and 7 keV , respectively  have been achieved,
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w ithin experim ental uncertain ty  o f  ±  5% . A lso in the case o f  arsenic im plan ted  a t 30 
keV , the dose m easured by SIM S coincided, w ithin experim ental error o f ±  1%, with 
the nom inal dose o f  2 .5 x l0 14 cm '2. In addition , com paring the integrations from  as- 
im planted  and annealed  sam ples, no appreciab le dose loss w as found after annealing.
T he as-im planted  profiles fo r both deep and shallow  im plants w ith both  boron and 
arsenic as dopant show  less ion channelling  in S iG e alloy, com pared  to bulk-Si. This 
is illustrated  in F igure 72, w hich show s SIM S profiles o f 20  keV  B in bulk-Si 
substrate and in Sio.91Geo.09 as-im planted. T he profiles have a sim ilar peak  value, but 
the silicon sam ple has a  tail to the distribution. This is to  be expected  as the 
germ anium  dose needed  for synthesis purposes (> 3x l 0 15 G e+/cm 2, see section 4.1) 
w as at least one order o f m agnitude larger than the critical dose for the form ation o f a 
continuous surface am orphous layer (typically  > 5 x 1014 G e+/cm 2 [158]); thus all the 
S iGe layers w ould have been am orphous at the tim e o f  dopant im plantation to a 
depth o f -  200nm , and so ion channelling  w ould no t have occurred.
Depth (nm)
Figure 72 SIMS profiles of 20 keV B in bulk-Si substrate and Sio.91Geo.09 as-implanted.
A fter R TA , the dopant distributions in bulk-Si show  ev idence o f  diffusional 
broadening consisten t w ith transient enhanced d iffusion [159, 160, 161, 162]. 
H ow ever, com parison o f  the SIM S profiles fo r sam ples as-im planted  and after
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annealing show s that dopant d iffusion is retarded  in S iG e com pared to bulk-Si for 
both dopants. For exam ple, F igure 73 com pares SIM S profiles for 30 keV  arsenic 
im planted  in bulk-Si and in  Sio.85Geo.15, as-im planted  and after R TA . W hile the 
sam ple in bulk-Si show s diffusional broadening, w ith reduction  o f  the peak  and 
extension o f  the tail o f the arsenic d istribution, these characteristics are reduced 
considerably  in  SiGe.
Several authors have reported  that boron d iffusiv ity  decreases w ith  increasing 
germ anium  con ten t in  strained Sii-xG ex (x <  0.50) [163, 164, 165], w hich is 
consisten t w ith the results presented  here. H ow ever, it has been reported  elsew here 
that, in epitaxial grow n S iG e bo th  strained and relaxed [162, 166, 167], arsenic 
d iffuses m ore w ith  increasing  G e conten t in the alloy layer. P ossib le m echanism s 
explain ing this d iscrepancy betw een curren t and published results are discussed 
below .
Figure 73 SIMS profiles for 30 keV As implanted in bulk-Si and in Sio.g5Geo.1s, as-implanted and 
after RTA.
Figure 73 also show s a “p ile -up” o f arsenic tow ards the surface in the annealed 
sam ples. F igure 74 includes the full set o f SIM S profiles o f 30 keV  As in Sii_xG ex 
(0 < x < 0.15) as-im plan ted  and after RTA . T o better observe the profile  peaks, 
F igure 74 show  the linear-linear p lo t o f  the data. T here is a c lear presence o f  arsenic
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piled  up w ithin the first 15 nm  o f the surface, w hich increases w ith germ anium  
content, except fo r the case o f alloy com position  w ith 6 at % G e w here there w as no 
presence o f p ile-up  at the surface. T his sam ple also show ed the low est value o f sheet 
resistance, suggesting that the pile-up m ay be due to  A s clustered  or trapped near the 
surface w hich w ould lead to a degradation in electrical properties.
A lternatively, these double peaks (som e o f w hich are indicated  by an arrow  in 
Figure 73) m ay be due to arsenic precip ita tes if  the arsenic solid solubility  was 
exceeded in Si as w ell as in SiG e. H ow ever, since arsenic solid solubility  in silicon 
(~ 3 x 1021 cm"3 [162]) is m ore than one order o f m agnitude h igher than the arsenic 
concentration in this w ork, this seem s unlikely.
Figure 74 Linear-linear SIMS profiles for 30 keV As implanted in bulk-Si and SiGe.
H ow ever, H igh R eso lu tion  T E M  studies carried  out by G aiduk et al in  1998 [168] 
reported the p resence o f sm all (0.55 nm ) m onoclinic G eA s p recip ita tes in sam ples 
im planted w ith h igh dose arsenic (> 1020 cm '3) in  relaxed  Si].xG ex alloy o f 
com position varying w ith in  0.15 < x <  0.50, fo llow ed by R T A  up to 900°C and 
1100°C. The authors observed tha t these precip ita tes form ed at an arsenic peak 
concentration  abou t an order o f  m agnitude low er than that observed in Si (AsSi) and 
that there was a c lea r dependence o f the critical arsenic concentration on the
20 40
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germ anium  concentration. F urtherm ore, T ishkov e t al. [138] studied the evolution o f 
defects in heavily  doped arsen ic-im plan ted  Sio.60Geo.40 ahoy sam ples; they observed 
that the dislocations loops d isappeared  during annealing w ith the form ation  o f A sG e 
precip itates. This behaviour is d iffe ren t from  that observed in Si, w here the 
p recip ita tes coexist w ith d islocations [169].
A nother source o f  arsenic electrical deactivation  w hich has been identified  by 
several authors [170, 171, 172], is the form ation o f clusters o f arsenic w ith vacancies 
(AS4V). T he form ation o f  these clusters was calculated  by Pandey e t al. [173] to be 
energetically  favoured over both substitu tional iso lated  As and A s J  configurations. 
F urtherm ore, Parisin i et al [174] p roposed a m odel for the arsenic deactivation 
process tested on sam ples therm ally  annealed  in a low  tem perature range (350- 
550°C). The authors argued that the first step o f the arsenic deactivation 
phenom enon is governed by the cap ture o f tw o electrons by an in itial c luster form ed 
by the pairing o f  two A s atom s in second neighbour position in  the Si lattice. 
Experim ental evidence for A s-A s pairs w ere reported  by A ngelucci and co-authors 
[175]. P arisin i’s m odel can  be sum m arised  as follow s:
(A52) 2+ +2e~  (As2V )+ +I~  Eq. 7.4
T he first step o f deactivation  consists in  the form ation o f an (A s2V )+ cluster and 
the ejection o f a Si se lf-in terstitial, I", starting  from  the capture o f tw o electrons from  
(A s2)+ pair. It was also  proposed  that this reaction  starts in the reg ion  o f the electric 
junc tion , w here a charge separation  phenom enon can favour the form ation o f the 
negatively  charged Si self-in terstitia l and o f  the positively charged A s-vacancy 
cluster. H ow ever, at h igher annealing  tem peratures and afte r ach iev ing  therm al 
equilibrium  it was not c lear w hether precip ita tion  or clustering w as the dom inant 
phenom enon.
B ecause clustering and precip ita tion  are the m ain phenom ena proposed  by several 
authors [174, 175, 176] to  explain  the arsenic deactivation process, the follow ing 
d iscussion focuses especially  on these phenom ena to address arsen ic deactivation 
and d iffusion in this work.
F igure 75 show s a com bined p lo t o f  both atom ic and free carrie r p rofiles from  
selected  sam ples im planted  w ith 30 keV  A s in bulk-Si and Sii_xG ex (0< x < 0.15) 
after annealing w ith R T A  only. T he SR P profiles show an overall s im ilar box shape
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w here the tail o f the arsenic distribution  is inactive. T he percen tage o f the activated 
dopant w hich in this case  was calculated  using SIM S profiles as reference, decreases 
w ith increasing germ anium  conten t from  a proposed  value o f  60%  in bulk-Si dow n to 
only 21%  in the alloy  com position  w ith 13 at % G e, consisten t w ith  the pattern of 
results reported by T ishkov  [138].
40
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Figure 75 Comparison between SIMS profiles and proposed free carrier concentration profiles 
from SRP for 30 keV As in Si and SiGe and annealed with RTA.
Figure 75 clearly  show s tha t arsenic d iffusion  is less in S iG e than in bulk-Si; the 
annealed  arsenic profile  in S iG e rem ains close to  the as-im planted  arsenic profile in 
silicon.
In IBS SiG e, E O R  defects (w hich are know n to in ject in terstitials during 
annealing [159]) w ill be presen t after epitaxial re-grow th. It has also been 
dem onstrated by C ristiano e t al. [109] that the total num ber o f  in terstitials bound to 
the loops increases, a t a given im plantation energy, w ith increasing G e conten t after 
R TA  annealing a t 1000°C fo r 100 sec. It has also been dem onstrated  [170, 171] that 
arsenic d iffuses m ainly  via vacancies and tends to m ove aw ay from  interstitials; 
therefore E O R  defects could  act as a barrier fo r the arsenic d iffusion  [14]. In addition 
U em atsu [177] notes that the coarsening process o f po in t defects, reduces arsenic 
diffusion fo r annealing  tim es longer than about Is , 10 s, 5 m in, and 1 h at 1050,
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1000, 900 and 850°C , respectively . R ecently , E guchi and colleagues [178] have 
proposed that the retarded d iffusion o f  As in SiG e m ay be due to excess Si 
in terstitials in jected  by the A s ion im plantation suppressing the vacancy 
concentra tion  in SiGe.
C onsisten t w ith these findings are the results presented here from  sam ples w hich 
have been post-am orphised (the E O R  defects are located  m uch deeper than  the alloy 
layer a t ~ 0.5 fim) w here arsenic d iffusion tow ards the surface was reduced.
Figure 76 Proposed free carrier concentration as a function of Ge content for 100 lceV As in SiGe 
with and without post-amorphisation (PA) after RTA at 1050°C for 10” (T3).
F igure 76 show s a com parison o f proposed  free carrier concentration  profiles in 
As im plan ted  S ii.xG ex (0 .1 < x < 0 .9 )  after annealing  w ith R TA  only and the sam e 
sam ples afte r Si+ post-am orphisation  and R TA . The arsenic d istribution  in  sam ples 
w hich w ere no t am orphised show s a b roader distribution (calculated  m easuring the 
F W H M  o f the d istribution, 98.8 nm ), com pared  to the distribution for sam ples after 
P A  w hich was 93.4 nm  for S i1-o.09Geo.09 sam ple. This shows that arsenic diffuses 
m ore tow ards the surface in sam ples w ithout post-am orphisation, confirm ing that the 
E O R  defects did act as a barrier fo r arsenic d iffusion into the substrate. In addition, 
ca lculations o f the total free carrie r concentra tion , obtained by in tegration o f the 
d istribution curves, show  a slight im provem ent in dopant activation after post-
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am orphisation (e.g. 2.8%  w ith 1 at % G e). A gain, PA, having located the EO R  
defects deeper into the substrate (~ 500 nm ) and aw ay from  the im planted  layer (~ 70 
nm ), w ould have reduced  the density  o f  the Si self-in terstitials in the active region 
and therefore reduced the form ation o f electrically  inactive (A s2V )+ clusters (as 
reported  above in p 115 in region o f the electric  junction  charged S iI‘ can fo rm  m ore 
easily  and therefore they can favour the form ation  o f  these clusters). In particular, the 
calcu lated  value o f total carrie r concentra tion  fo r arsenic in S i1-o.04Geo.04 was -1 0 %  
higher after post-am orphisation . To sum m arise, S i+ post-am orphisation  did reduce 
arsenic diffusion, and appeared to  give h igher carrie r activation.
S im ilar to the arsenic, also the boron d istribu tion  show s “p ile -up” at the surface in 
sam ples w ith the h igher germ anium  conten t for bo th  energies (13 and 15 a t % G e at 
7 keV  and 9 at % G e at 20 keV ). F igure 77 show s a linear-linear p lo t o f the SIM S 
data for the sam ple im plan ted  w ith 7 keV  boron in  Sio.87Geo.13.
Figure 77 Linear-linear SIMS profiles for 7 keV B implanted in Si and SiGe after RTA 
(T3= 1050°, 10“).
A fter R T A  the boron profiles presen t a double peak  (indicated  by an arrow), close 
to the surface ( - 1 5  nm ), w hich increases w ith  germ anium  peak concentration  fo r the 
sam ples investigated . In this case, the double p eak  o f the boron d istribution  in SiG e
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can be attributable to boron trapped and therefore deactivated at the surface in the 
relaxed and highly damaged Sio.s5Geo.15 and Sio.g5Geo.15 layers (see section 7.4). In 
addition, because TEM investigations on the samples containing 0 at % and 6 at % 
Ge peak concentration (see section 5.3) did not show a detectable presence of boron 
precipitates 01* clusters, we can also conclude that the boron solid solubility in those
_ 19 3samples was not exceeded (solid solubility of boron in silicon being 6 x 10 cm' at 
900°C and 1.2 x IO20 at 1000°C [151]). However, the formation of boron-interstitial 
clusters (BICs) can occur below the boron solid solubility deactivating the boron, but 
because of their very small dimension (several A) they are not readily detected by 
TEM.
On the other hand, supporting the hypothesis of formation of electrical inactive 
BGe pairs discussed by Kuo et al. [163], are the SRP analyses, which show an 
apparent reduction in the activated carriers, proportional to the germanium content, 
which could explain the trend of the electrical results of sheet resistance increasing 
with increasing germanium peak concentration.
Figure 78 Comparison between SIMS profiles and proposed free carrier concentration profiles 
from SRP for 7 keV B in Si and SiGe and annealed with RTA.
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F igure 78 show s a com bined  p lo t o f both  atom ic and proposed  free carrier profiles 
from  sam ples im plan ted  w ith 7 keV  B in bulk Si and SiG e w ith 13 a t % G e and 15 at 
% Ge, after RTA . P rofiles from  the alloy layers show sim ilar shape as the sam ple in 
silicon, w ith the dopant activation  being independent o f  depth. H ow ever, only 61 % 
o f  the boron appeared to be  activated  in bulk  Si. On the o ther hand, in  SiG e the 
dopant activation is significantly  low er (23%  and 22%  for 13 a t % G e and 15 at % 
Ge, respectively). O ne can also  observe that all o f the boron in the tail is not active, 
w ith conduction m ainly confined  to  the first 30 nm  o f the alloy layers.
To help to understand  the phenom ena involved in B d iffusion in SiG e, som e 
sim ulations o f boron profiles in bulk-S i and in SiG e (6 at % G e) are presen ted  taking 
into account the k ick-out m echanism , discussed by Cow ern e t al [179, 180, 181]
7.5.2 Kick~out mechanism
Supported by quantum -m echanical calculation o f diffusion, in  particu lar o f  B, P, 
As and Sb in silicon m ade by N ichols e t al. [182], in 1990 C ow ern e t al [183, 184, 
185] presented  a theoretical m odel applicable to im purities in silicon that diffuse via 
“fast-d iffusing in term ediate  species” , e ither an im purity-in terstitial (X s-I) o r an 
im purity-vacancy (X s-V) pair. In bo th  cases (X s-I or X v-V) d iffusion  is supposed to 
proceed by a series o f m igration  events (o f frequency “g”) as the im purity  random ly 
jum ps betw een  substitu tional sites (im m obile) and its less p robab le “fast-d iffusing” 
state . D uring each  m igration  event, the im purity  travels random ly and term inates at 
som e distance from  the starting point, reverting  to a substitutional site position  [184]. 
In particular, fo r the in terstitia l-m ediated  com ponent o f d iffusion, the energetically  
favoured route found by the authors was the k ick-out reaction. In this process, a self­
interstitial (I) reacts w ith  a substitu tional dopant atom  (Xs), for exam ple  boron (Bs, 
w hich has been dem onstrated  by the sam e authors to  d iffuse via an interstitial 
m echanism  [183] also see section 3.4), to form  an interstitial im purity  com plex that 
m igrates for som e distance (X) before recom bining. The follow ing equation  show s 
the described m echanism :
Bs + 1 1=> B, (k ick-out reaction) Eq. 7.5
W hen a proportion  o f  boron atom s are displaced into a m obile  state and therefore
allow ed to  diffuse, the resu lting  boron profile w ould show  an exponentia l-like tail
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[186]. T he shape and the w idth o f the profile  prov ide inform ation about both  the 
k ick-out rate  (g) and the m igration d istance (X) o f  the d isplaced atom s. T he authors 
studied the tem perature dependence o f  g and X upon various levels o f in terstitial 
supersaturation  (Si) during inert-am bien t diffusion, oxidising-am bient d iffusion  and 
transien t-enhanced  diffusion. In all cases, g is proportional to Si, bu t the inverse 
reaction  is independent o f Si. A t low er tem peratures g decreases, being dependent on 
the form ation and the m igration  energies o f  the self-interstitials. This energy depends 
upon the d iffusion process involved. In particu lar, during TED , w hen interstitials 
“evaporate” from  the im plan t dam age, the energy required for the form ation and 
m igration  o f  Si is low er. In contrast, X is characteristic  o f a therm al p rocess and does 
no t depend  on a  reaction  w ith a point defect, and therefore is the sam e fo r all 
d iffusion processes. In  addition, C ow ern e t al. [186] found that X becom es larger 
w ith decreasing tem perature and therefore boron atom s m igrate further at low  
tem peratures, before returning into substitu tional sites [186]. T he basic  m echanism  
can be sum m arised therefore as follow s:
(a) dopant im purities in  silicon diffuse by an in term ittent process w here they sit 
m ost o f the tim e in an im m obile substitu tional site, bu t they can be 
converted  into “fast-m oving” species w hen interacting w ith a po in t defect.
(b) A t high annealing  tem peratures, these interactions are m ore frequent and 
the diffusion appears to be a  continuous process.
(c) A t low  annealing tem peratures the individual m igration events are rare (in 
tim e) and the diffusion d istance is com parab le w ith the device d im ension in 
scale (nm )
(d) In all cases, the diffusion coeffic ien t is given by D  = A2g.
F igure 79 show s SIM S profiles from  7 keV  B -doped bulk-Si, as-im planted  and 
annealed  (w ith T 3). T he annealed  p ro file  was m odelled  using the k ick-out m odel. 
T he diffusiv ity  o f  boron (Db) ex tracted  from  the fit o f 7 keV  boron w as 5.1xlO "13 
cm 2/s, w hich com pared  to the equilibrium  diffusion  (Db* = 5 .1 x l0 "14 cm 2/s from  ref.
[187]) was ~ 10% higher due to boron enhanced  diffusion w hich occurs a t the 
beg inn ing  o f  the annealing  (see section 3.4). S im ilarly , w hen boron w as im planted  at 
20 keV  Db was found to be 8.3xlO ' 13 cm 2/s, w hich is ~ 16% higher than the 
equilibrium  value.
125
C hapter 7 D iscussion
Depth (A)
Figure 79 SIMS profiles and lock-out fit for 7 keV B in bulk-Si as-implanted and annealed with 
RTA at 1050°C for 10 seconds (T3)
It is found in the w ork reported  here tha t boron diffusiv ity  is higher at the higher 
im plantation  energy w hen annealed  w ith R T A  only. This is consisten t w ith the 
sim ulation presen ted  by C laverie e t al [188] and by C ristiano e t al. [189] o f the effect 
o f im plantation  energy over the range 1 to 25 keV , for a 1014 cm '2 boron im plant, on 
the evolution o f the silicon interstitials supersaturation  (Sis) in the defected  region 
follow ing an anneal a t 950°C. The effect p red ic ted  by com puter sim ulations is shown 
in F igure 80. A ll the im plants show  a sharp  “peak” a t very short annealing tim es 
(when only sm all clusters exist-see section 3.3), follow ed by a “p la teau” associated 
w ith the O stw ald  ripening process o f {113} defects (see section 3.3), w hose lifetim e 
increases w ith increasing  im plantation  energy. T he authors also suggested that this 
phenom enon dem onstrates the crucial ro le  o f the vicinity o f  the boron profile  to the 
surface to determ ine the TED  decay tim e, especially  for shallow  im plants (< lOOnm). 
This can be  explained  by the change in  d issolution rate  o f  the im plantation  defects in
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the presence o f a trap for in terstitials, such as the w afer surface, during annealing  in 
an inert atm osphere (see section 3.3).
3
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Figure 80 Simulation of the S|s supersaturation evolution for lxlO14 cm 2 boron implants in the 
1-25 keV range at an annealing temperature of 950°C [from ref. 189].
Figure 81 Scheme illustrating the model proposed by Cowern [191].
The kick-out m odelling does not take into account that after G e im plantation
follow ed by SPEG, EO R  defects are localised  below  the depth o f the original a/c
interface and their density  increases w ith germ anium  content (see section 3.2). Thus,
in order to m odel boron diffusion in IBS SiG e is necessary to take into account the
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evolution o f E O R  defects during an anneal and how  they affec t the boron enhanced 
diffusion (see section 2.4 and [190]). F igure 81 sum m arises the m odel developed by 
Cow ern et al [191] in o rder to  explain the effec t o f  E O R  on boron TED .
C ow ern et al. considered  a  dam age band contain ing 1015 in terstitia ls/cm 2, located 
at the position o f  the E O R  defect band. T he rate o f em ission o f  in terstitials from  this 
region into the w afer w as set as a param eter to be adjusted  to fit the am ount o f boron 
diffusion. This param ete r only depends upon two conditions: (a) the S i-interstitial 
supersaturation at the depth  o f the E O R  defects, Seor = Q/Ci* and (b) the Si- 
in terstitial supersaturation  a t the surface, So = Ci/Ci+, w here Q * is the concentration 
o f S i-interstitials in the  equilib rium  conditions and So a constant. A ccording to this 
m odel, Seor decreases from  typically  1000 to 2 to 3 according to  the O stw ald 
ripening theory (see section  3.4).
Boron as implanted 
Boron annealed 
Simulation
Si-int. evolution
\ .......
0.2 0.3
Depth (pm)
Figure 82 Simulation of 20 keV B in SiGe (6 at % Ge peak concentration) and annealed with RTA 
at 1050°C for 10 seconds (T3) using the model presented by Cowern et al. [191]
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T he SIM S boron p ro file  in SiG e from  this w ork was then sim ulated using M atLab 
according to C ow ern’s m odel2. The E O R  box was positioned w ithin 150 and 200 nm, 
w here the location  o f the E O R  defects had  been detected  w ith T E M  observation (see 
section 5.3). T he results are show n in F igure 82.
A lso, in this case, a value o f  D b =  9 .3 6 x l0 '13 cm 2/s in SiG e w as calculated . F rom  
this m odel it is possib le  to link boron diffusion w ith germ anium  concentration  as 
follow s. In particular, the density  o f E O R  defects w ould increase w ith germ anium  
dose w hich m ainly resu lts in  increasing  the supersaturation  o f S i-in terstitials below  
the a/c in terface [192]. B ecause it has been dem onstrated  (see section 3.4.2) that the 
E O R  defect reg ion  provides a tim e-decay source o f  S i-in terstitials and that it is the 
coupling betw een  this source and the boron atom s w hich is responsib le for TED  
[183], one can postu late  that w ith increasing germ anium  content, the am ount of 
boron TED  w ill increase.
H ow ever, this m odel does not account for either the k ick-out m echanism  or the 
form ation o f GeB com plex  w hich w as suggested by Kuo et al [163] as the m ain 
constrain t for boron  diffusion. K u o ’s m odel is briefly  described in the follow ing 
section.
7.5.3 Pairing (Kuo model)
Kuo et al. [163] have proposed  a m odel to describe boron diffusiv ity  in SiGe, 
w hich fitted  w ith their experim ental results. T he m odel is based on the assum ption 
that boron d iffusiv ity  in  silicon is p roportional to the concentration o f m obile boron 
atom s, B m ( D *  [#,„]), w hich  d iffuse via in terstitial sites; the authors proposed that
in SiG e B atom s can  becam e im m obile Bs through a pairing in teraction w ith the 
germ anium  atom s (BG e):
Bs + I * > B m Eq. 7.6
w here Bs is a substitu tional boron atom , I a silicon self-in terstitial, and ki is the 
reaction  coeffic ien t and
2 I am very grateful to Dr. Benjamin Colombeau for running the diffusion simulations presented in 
this chapter.
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Bm +  Ge <=> BGe Eq. 7.7
w here k 2 is the reaction  coeffic ien t o f Eq. 7.7.
The authors suggested  that a possib le driving force for this interaction  is the local 
strain com pensation  betw een the larger germ anium  atom s and the sm aller boron 
atom s. If  one assum es tha t the interstitial in teraction  (Eq. 7 .6) is independent o f the 
pairing reaction  (Eq.7 .7), K uo et al. p roposed  tha t the net concentration  o f the B m in 
Sii-xG ex is reduced com pared  to that in silicon, as show n below :
Since they assum ed the diffusiv ity  to be directly  proportional to the concentration  
o f the m obile boron atom s in  silicon, as a resu lt o f the pairing in teraction, then:
and therefore the d iffusion o f  boron in S iG e w ill be inversely proportional to the 
germ anium  content. To sum m arise, K uo’s m echanism  w hich describes the form ation 
o f im m obile and elec trica lly  inactive B G e pairs, can  be used to explain the reduced 
diffusion and the reduced  activation  o f boron w ith increasing germ anium  content in 
this work.
7.5.4 Arsenic and Boron electrical junction depths achieved
The electrical junc tion  depths o f arsenic and boron w ere calcu lated  using the 
spreading resistance data, assum ing im planted  m aterial w ith a background doping o f 
lx lO 17 cm '3. A s w ith  all param eters derived from  the SRP carrier concentration 
profiles (see section  7.3.1), these values are speculative and m ay not accurately 
reflect absolute values. F igure 83 show s the calcu lated  electrical junc tion  depths for 
sam ples im planted  w ith 100 keY  arsenic annealed  at T i (open sym bols) and T 3 (solid 
sym bols), and 30 keV  arsenic annealed a t T 3. As a resu lt o f the reduced arsenic 
d iffusion in SiG e, the electrical junc tion  depths are reduced.
[S G e]= [B S /]/(l +  K 2Jc) Eq. 7.8
DjjGe =  D f  /( l  +  K 2x ) Eq. 7.9
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Ge peak concentration (at %)
Figure 83 Speculative electrical junction depths at 1 x 1017 cm'3 for arsenic implanted in bulk-Si 
and SiGe after furnace annealing at 700°C for 20 min (Tj) and RTA at 1050°C for 10” (T3) .
Ge peak concentration (at %)
Figure 84 Speculative electrical junction depths at 1 x 1017 cm'3 for boron implanted in bulk-Si and 
SiGe after RTA at 1050°C for 10” (T3).
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In the B -doped  sam ples, the electrical jun c tio n  depths are also reduced in SiG e. In 
particular, assum ing the sam e background doping level, ca lcu lated  junc tion  depths 
fo r 20 keV  boron vary from  280 nm  in bulk-Si, to 180 nm  in SiGe (4 a t % Ge) and 
junction  depths fo r 7 keV  boron vary from  140 nm  in bulk-Si, to 62 nm  in S iG e (10 
at % Ge). F igure 84 show s these results.
For the shallow er A s+ and B + im plants, the  electrical junc tion  depth was reduced 
by m ore than 50 % in sam ples w ith x > 10 at% , com pared to the values in  bulk-Si. If  
reliable, the  results fo r 30 keV  As in particu lar show  prom ise for PM O S device 
application, as the In ternational T echnology R oadm ap for Sem iconductors (ITRS 
2001) proposes a t the 60 nm  node, con tact junc tions (Xjn) betw een 30 and 50 nm  and 
contact ex tension betw een  16 and 20 nm .
7.6 .  S u m m a r y  o f  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  a c h i e v e d
Som e notew orthy im provem ents in electrical characteristics w ere achieved in IBS 
SiG e com pared to  Si. T able 11 show s electrical properties o f selected  strained SiG e 
layers w ithin each  group o f  sam ples investigated  here, com pared to bulk-Si control 
sam ples. Sam ples w ith 4  at % G e am ong the deeper im plants, and sam ples w ith 6 to 
10 a t % G e am ong the shallow er im plants, show ed the best overall characteristics.
Table 11 Electrical characteristics of strained SiGe layers after annealing with RTA (T3), 
compared with data for bulk-Si control samples.
Ge cone x cl Rs M'Hall PDrift N Ac(ivatcd
(%) - (nm)",b (£2/sq) (cm2/V-s) (cm2/V-s)b (% )b
20 keV B 0 ~ 280 121 ±  1 44.3 + 0.4 51.7 99
4 ~ 180 142 + 1 39.4 + 0.4 60.3 73
7 keV B 0 ~ 140 459 + 5 52.8 + 0.5 91.3 67
10 - 6 2 766 + 8 42.3 ± .4 179.1 27
100 keV As oc (~ 132) (163 ± 2 ) (137 + 1) (127.8) (75)
4 -  129 120 + 1 74 .1+0.7 150.1 88
30 keV As 0 - 6 9 3 6 4 + 4 101 + 1 211.3 58
6 - 3 4 207 + 2 105 + 1 488 41
a Values of Xc) assuming an effective background doping level of IxlO17 cm'3. 
b Values of Xc], Pd and NAcliVatcd are speculative, and hence confidence intervals are unknown (see
section 7.3.1).
'Values for 100 keV As in bulk-Si are after furnace annealing only (Ti).
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T hese are the first available data for an all-im planted  rou te to the synthesis and 
doping o f strained Sii„xG ex layers [13, 14]. T rends in d rift m obility  o f B in bulk-Si 
and in  S iG e w ere consisten t w ith results reported  elsew here fo r com parab le 
epitaxially  grow n m ateria l w ith B concentra tion  up to 3 x 102° ions/cm 3 [157, 193]. 
In all cases, a reduction  in  proposed  electrical junc tion  depth and an increase in 
speculated  values o f d rift m obility  w ere ach ieved  in SiG e, com pared to  Si.
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8, Conclusions and future work
In this p roject, ion im plan ta tion  fo llow ed by therm al treatm ents was used as an 
alternative to  epitaxial deposition  for the synthesis and doping o f Sii„xG ex alloy 
layers. T he influence o f germ anium  peak  concentration  (0 < x < 0.15) upon sheet 
resistance and H all m obility  was investigated  for high doping concentrations o f 
boron and arsenic (1 x 1020 ions/cm 3), using the van der Pauw  m ethod. The 
experim ents w ere conducted  using bulk-Si and SO I substrates. S elected  m aterial was 
also post-am oiphised  using silicon ions. SIM S and SRP w ere em ployed to determ ine 
the dopant distribution  and to propose values o f carrier activation, respectively. 
F inally , the crystalline quality  o f  the m ateria l after annealing, as well as the location 
o f extended defects, was investigated  using X T E M  analysis o f selected sam ples. T he 
m ain conclusions are sum m arised below .
8 . 1 .  E l e c t r i c a l  c h a r a c t e r i s t i c s  a c h i e v e d
Som e notew orthy im provem ents in electrical characteristics w ere achieved in IBS 
SiG e, com pared to Si. E lectrical p roperties o f  those SiG e sam ples w hich show ed the 
best overall characteristics (sam ples w ith  4  at%  Ge am ong the deeper layers, 
synthesised by im plantation  o f 100 keV  G e, and sam ples w ith 6 to 10 at%  G e am ong 
the shallow er layers, synthesised  by im plan ta tion  o f  30 keV  Ge) w ere com pared  w ith 
the properties o f Si control sam ples in T able 11 (section 7.6). T hese results are the 
firs t from  strained S iG e layers, synthesised  and doped by an all-im planted  process, 
and show  com parable electrical characteristics to epitaxially  grow n m aterial [35, 
149, 153, 154, 155].
In all cases, a reduction in  electrical ju n c tio n  depth (Xei) was achieved in the IBS 
SiG e layers, com pared  to bulk-Si contro l sam ples. For the shallow est B + (7keV ) and 
A s+ (30keV ) im plan t layers, the X ei is less than 50 % o f  the values in bulk-Si. The
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proposed  value o f  ~34 nm  obtained  fo r 30 keV  A s in SiG e (6 at%  G e) is particularly  
prom ising for application in  PM O S devices as the In ternational T echnology 
R oadm ap fo r Sem iconductors (ITRS 2001) proposes contact junc tions depths Xjn 
betw een 30 and 50 nm  and con tac t ex tensions betw een 16 and 20 nm  for 60 nm 
devices. A lso the R s o f  this sam ple, -2 0 7  Q /sq, is w ithin the ITRS ta rge t range o f  
150-535 Q /sq.
T he availability  o f  independen t values o f  proposed  free carrier density  from  the 
SRP and sheet resistance from  the H all m easurem ents m ade it possib le  to  speculate 
values o f d rift m obility, and hence to d iscuss the variation in the H all scattering 
factor, rn, as a function o f  germ anium  con ten t in  IBS SiGe. E stim ates o f  rn for 20 
keV  B -doped  sam ples w ere consisten t w ith  the values reported  in the literature for 
M B E  grow n SiG e layers o f sim ilar th ickness (see section 7.3.4).
W ith  ju s t one exception  (see T ab le  11), the  estim ated percentage o f activated 
carriers w as reduced in SiGe. N evertheless, p roposed values o f  d rift m obility  were 
h igher than the values in bulk  silicon. M oreover, it should be noted  tha t a high 
doping concentration  w as used  in  th is w ork (~ lx lO 20 ions/cm 3); low er doping levels 
(less than 1018 ions/cm 3) m ay lead  to  better activation  than was found here.
It is acknow ledged that the values o f  carrie r activation, junc tion  dep th  and drift 
m obility  reported  here are all dependen t upon the use o f bulk  Si m obility  for 
ex tracting  free carrier density  from  SR P m easurem ents in SiGe. H ence, all o f these 
values m ust be taken to indicate possib le trends rather than to determ ine absolute 
values. In the absence o f  standard  m obility  curves for strained and unstrained SiG e 
or for ion im planted m aterial, the extraction  o f  free carrier density  w as consistent 
w ith curren t best p ractice (see section  4.3 .2). H ow ever, the estab lishm ent o f  standard 
m obility  curves for strained IBS S iG e alloys w ill be required  to confirm  the results 
p resen ted  here (see also section 8.4).
8 . 2 .  S t r a i n  r e l a x a t i o n
E vidence from  both X T E M  analysis and  electrical m easurem ents suggests that the 
h ighest germ anium  peak  concentra tions used here (13 and 15 at%  G e in the 
shallow er layers, synthesised  by G e im plan ta tion  a t 30 keV ; 9 at%  G e in  the deeper 
layers, synthesised by G e im plan ta tion  at 100 keV ) had exceeded  the critical 
threshold  fo r the production  o f  strained S iG e layers after SPEG  (see section 7.4).
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This suggests that applications o f IBS SiG e should be lim ited to low er germ anium  
peak  concentra tions and/or sha llow er layers than those reported  in this work. B ased 
on the curren t results, P a in e’s experim en tal m odel o f strain relaxation  (see sections
2.4.3 and 3.2) appears to provide the bes t prediction  of the critica l germ anium  
conten t fo r low er im plantation  energies in IBS SiG e alloy layers.
It is also proposed that speculated  values o f rn at h igher germ anium  
concentra tions, w hich departed  from  the general dow nw ard trend w ith  increasing 
germ anium , m ay provide a usefu l source o f evidence for strain-relaxation  (see 
section  7.4.2).
8 . 3 .  D o p a n t  d i f f u s i o n  a n d  a c t i v a t i o n
T he presence o f  im plan ted  germ anium  led  to a reduction in the tail o f  both boron 
and arsenic distributions com pared to bulk-Si, w ith proposed e lec trica l junction  
depths reduced in som e cases by over 50% . As discussed in section  7.5 and 
references w ithin, it is hypothesised  that this reduction in d iffusion is m ain ly  due to 
the form ation o f electrically  inactive B G e pairs and/or B I clusters in  the case of 
boron and the form ation o f  G eA s precip ita tes and/or AS4V ' clusters in the case o f 
arsenic. The presence o f these com plexes could  also be responsible for the reduction 
in estim ated  carrier activation w ith  increasing germ anium  content. S ilicon post- 
am orphisation im proved the carrier activation  in the case o f A s-doped sam ples. It is 
proposed  that the p resence o f E O R  defects acts as a barrier to arsenic enhanced 
diffusion, thus prom oting a sh ift o f the arsen ic distribution tow ards the surface. In 
particu lar it is noted that the trend for A s-doped sam ples d iffers from  previous 
findings using deposited  strained S iG e layers, w here greater d iffusion  o f  arsenic has 
been observed w ith increasing germ anium  conten t (see section 7.5.1).
M echanism s o f diffusion o f both  dopants, but especially  arsenic, are still poorly 
understood and m uch further research  is needed  to clarify how  d iffusion  occurs in 
bo th  deposited  and IBS substrates.
8 . 4 .  D i s c u s s i o n  o f  f u t u r e  w o r k
O ne o f  the m ain issues for C M O S dev ice  fabrication is to constrain  the dopants
w ithin the source and drain  regions, during therm al treatm ents, in  order to avoid
short-channel effects. A lthough boron d iffusion behaviour in Si and in  S iG e is better
understood, a lot m ore research  is needed  in order to understand the d iffusion of
arsenic, in both Si and SiGe. In particu lar, the opposite behaviour o f  arsenic diffusion
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in IBS SiG e com pared to deposited  alloy  m aterial needs attention. E specia lly  useful 
w ould be a closer com parison o f  IBS SiG e w ith epitaxy S iG e m aterial o f sim ilar 
thickness and sim ilar germ anium  content, doped w ith the sam e im plan ted  dose of 
arsenic and regrow n under the sam e annealing  conditions. This w ould help  to address 
questions about d iffusion m echanism s, dopant clustering and activation  and the exact 
ro le o f the germ anium 3. F urtherm ore, to com prehensively  investigate diffusion, it 
w ill be necessary  to consider a w ider range o f annealing schedules, especially  longer 
tim es and low er tem peratures, to ensure a defect-free regrow th o f  the m aterial 
together w ith equilibrium  diffusion. SR P, C V  and SIM S m easurem ents w ill give 
inform ation on carrier activation and diffusion. Ideally, the data should  be com pared 
w ith sim ulated profiles (although no softw are is currently available w hich can 
reliab ly  p red ic t d iffusion coeffic ien ts in S iG e alloys). Furtherm ore, X T E M  studies 
should be ea rn ed  out in o rder to estab lish  how  the a/c in terface reg row th  velocity 
varies through the SiG e layers during SPEG . A lso, the form ation and dissolution  of 
ex tended defects (in particu lar EO R ) and their role in lim iting the dopan t diffusion in 
ion beam  synthesised S iG e w arrants investigation.
A lternative techniques to TE M , such as D eep Level T ransien t Spectroscopy 
(D LTS), can be used to study the crysta lline quality o f S iG e m ateria l and in 
particu lar the p resence o f po in t defects, coupling and clustering. X -ray  d iffraction 
(X R D ) can be used to investigate S iG e strain-relaxation [61], and in  particu lar 
D ouble-crystal x-ray d iffraction  (D C D ) can be used to m easure the la ttice  m ism atch, 
bo th  parallel and perpendicu lar to the S iG e/S i in terface [194].
E lectrical p rofiles can be achieved, especially  for layers th icker than ~ 50 nm, 
w ith H all stripping m easurem ents that, together w ith tem perature dependent 
m easurem ent, can  provide a be tte r p icture o f carrier activation , scattering 
m echanism s and m obility. F urtherm ore C V  profiling should be used to  determ ine
3 Very recently, Mitchell and colleagues [M.J. Mitchell, P. Ashburn, J. M. Bonar, P.L.F. 
Hemment, in press] have reported a comparison of arsenic diffusion in SiGe formed by epitaxy and 
IBS. Their study uses a different sample structure to that used here, with the arsenic distribution fully 
contained within the germanium distribution after annealing, rather than matching the depth of Ge and 
As peak concentrations. Furthermore the As peak concentration was more than one order of 
magnitude higher than in this work. Unlike the results presented here, arsenic diffusion was greater in 
IBS SiGe than in epitaxy SiGe or bulk-Si.
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carrier profiles independently  o f d rift m obilities, w hich w ill be crucial to test the 
accuracy o f  deriving carrier density  from  SRP m easurem ents in IBS SiG e.
It is now  accepted  that S iG e has found a p lace in silicon-based technology, and 
m ore than 30 com panies, includ ing  IBM , P hilips and H itachi, are now  developing 
SiG e In tegrated C ircuits using chem ical vapour deposition [5]. T he p resen t work 
suggests that an all-im planted  rou te to the production  of strained S iG e layers is w orth 
considering. In particular, the use o f  IBS SiG e substrates in p lace o f  bu lk-S i has been 
show n to resu lt in im provem ents in  the control o f  dopant diffusion and the value o f 
ea rn e r  drift m obility. N evertheless there rem ains the need to im prove the crystalline 
quality  o f thin layers after the im pact o f h igh dose im plantation in o rder to im prove 
on the levels o f dopant activation  observed here.
138
R e f e r e n c e s
[1] B .G . S treetm an, S olid  S tate  E lectronic D evices, P rentice-H all, N ew  Jersey 
(1995)
[2] A. B ar-Lev, Sem iconductors A nd E lectronic D evices 2nd Edition, P rentice 
H all (1984).
[3] C.R. Selvakum ar, B. H echt, IEE E  E lectron D evice Lett., V ol. 12-8 (1991), p. 
444.
[4] J.P . Zhang, R .J. W ilson , P .L .F . H em m ent, A. C laverie, F. C ristiano, P. Salles, 
J.Q. W en, J.H. Evans, A .R . P eaker, G .J. Parker, N ucl. Instr. and M eth. in Phys. 
R es.B , V ol. 84 (1994), p. 222.
[5] J. O ullette, T he Industrial P hysicist, June/July 2002, p. 22.
[6] S. V erdockt-V andebroelc, F. C rabbe’, B .S. M eyerson, D .L . H aram e, P.J. 
R estle , J.M .C . Stork, A .C . M egdanis, C .L . S tanis, A .A. B right, G .M .W . K roesen, 
A .C . W arren, IEEE  E lectron  D ev ice  Lett., Vol. 12-8 (1991), p. 447.
[7] D.K. N ayak, J.C .S . W oo, G .K . Y abiku, K.P. M acW illiam s, J.S. Park, K.L. 
W ang, IEEE  Electron D evice L ett., Vol. 14-11 (1993), p. 520.
[8] A. Schtippen, E -M R S 2001 Spring M eeting, Sym posium  D -II .l.
[9] S. John, S.K . R ay, E. Q uinones, S. B anerjee, Appl. Phys. L ett., Vol. 74-14 
(1999), p. 2076.
[10] H. B audry, C. Fellous, B . M artinet, F. Rom agna, D. D utartre, A. C hantre, E- 
M R S 2001 Spring M eeting, Sym posium  D -II.2.
[11] H. Jiang, R .G . E llim an , IE E E  Trans. E lectron D evice Lett., V ol. 43 (1996), p.
97.
[12] P.L.F. H em m ent, F. C ristiano , A. N ejim , S. Lom bardo, K .K . Larssen, F. 
Priolo, R .C . B arklie, J. C rystal G row th, V ol. 157 (1995) 147.
[13] C .C errina, A. N ejim , Y. W ang, P .L .F . H em m ent, Solid  S tate  Phenom ena, 
Vol. 82-84, (2002), p. 557.
139
[14] C .C errina, A. N ejim , Y. W ang, P .L .F . H em m ent, N ucl. Instr. M eth. B, Vol. 
188 (2002), p. 170.
[15] J.C. B ean, “G row th T echn ique and P rocedures” , in  S em iconductors and 
Sem im etals V ol.56: G erm anium  Silicon: Physics and M aterials, R. H ull and J. B ean 
ed., (1999), p. 1.
[16] D. H ull, D J .  B acon, In troduction  to D islocations 3rd E dition  (1992).
[17] H. Stohr, W . IClemm, Z. A norg. A llg. Chem . Vol. 241 (1939), p. 305.
[18] H-J. H erzog, “C rystal structure, la ttice  param eters and liquidus-solidus curve 
o f the SiG e system ” in: P roperties o f S trained and R elaxed S ilicon G erm anium , E. 
K asper ed., (1995), p. 49.
[19] M .J. Shaw , M . Jaros, “Fundam ental Physics o f S trained L ayer GeSi: Quo 
V ad is?” in Sem iconductors and Sem im etals V o l.56: G erm anium  Silicon: Physics and 
M aterials, R. H ull and J. B ean  ed., (1999), p. 169
[20] J.P. D ism ukes, L. E kstrom , R .J. Paff, J. Phys. C hem ., V ol. 68 (1964), p. 
3021.
[21] L. V egard, Z. Physik, V ol. 5 (1921), p. 17.
[22] R. H ull, “M isfit S train and A ccom odation” in  S em iconductors and 
Sem im etals V o l.56: G erm anium  Silicon: Physics and M aterials, R. H ull and J. Bean 
ed., (1999), p. 101.
[23] J.P. H irth, J. Lothe, “T heory  o f  D islocations” , J. W iley  ed., (1982).
[24] K.L. W ang, X. Zheng, “ T herm al properties o f S iG e” , in Properties of 
S trained and R elaxed S ilicon G erm anium , E. K asper ed., (1995) p. 70.
[25] F. C ristiano, “E xtended  defects in S iG e device structures form ed by ion 
im plan ta tion” , PhD  thesis (1998), U niversity  o f  Surrey, UK.
[26] R . H ull, “E quilib rium  theories o f m isfit d islocation netw orks in the SiGe/Si 
system ”, in Properties o f  S tra ined  and R elaxed Silicon G erm anium , E. K asper ed., 
(1995) p. 17
[27] J.W . M atthew s, A .E . B lakeslee , J. Cryst. G row th, V ol. 27 (1974), p. 118.
[28] D .C . Paine, D .J. H ow ard, N .G . S toffel, J. Elect. M ater., V ol. 20-10 (1991), p. 
735.
[29] J.P. H irth, X. F eng, J. A ppl. Phys., V ol. 67 (1990), p. 3343.
[30] L. B . Freund, J. A ppl. M ech ., Vol. 54 (1987), p .553.
140
[31] T. From herz, G. B auer, “Energy gaps and band structures o f  S iG e and their 
tem perature dependence” in: P roperties o f  S trained and R elaxed S ilicon G erm anium , 
E. K asper ed. (1995), p. 87.
[32] C.G. V an de W alle , “ S train effects on the valence-band structure o f S iG e” in 
Properties o f S trained and R elaxed  S ilicon G erm anium , E. K asper ed., (1995), p. 94.
[33] J.C. B ean, “M ateria ls and T echnologies” in H igh-Speed Sem iconductors 
D evices, S.M . Sze ed. (1990), p. 13.
[34] L.E. K ay, T .-W . T ang, J. A ppl. Phys, Vol. 70 (1991), p. 1483.
[35] F. Schaffler, “E lectron  and hole m obilities in the S iG e/S i system ” in 
Properties o f S trained and R elaxed  Silicon G erm anium , E. K asper ed., (1995), p. 
135.
[36] D . Stroud, H. E hrenreich , Phys. R ew . B , Vol. 2 (1970), p. 3197.
[37] F .J. M orin, Phys. R ev., V ol. 93 (1954), p.62.
[38] E. B raunstein , Phys. R ev., V ol. 130 (1963), p. 869.
[39] S.A. R ingel, P.N . G rillo t, “E lectronic P roperties and D eep  Levels in 
G erm anium -Slicon” in  in  Sem iconductors and Sem im etals V o l.56: G erm anium  
Silicon: Physics and M ateria ls, R . H ull and J. B ean ed., (1999), p. 293.
[40] F. M. B ufler, P. G raf, B . M einerzhagen, B. A deline, M .M . R ieger, H. K ibbel, 
G. F isher, IE E E  E lectron. D ev ice  Lett., Vol. 18 (1997), p. 264.
[41] J. S. Yuan, “SiG e, G aA s, and InP  H eterojunction B ipo lar T ransisto rs” W iley 
ed., (1999), C hapter 2.
[42] S. Lom bardo, F. P riolo, S.U . C am pisano, S. Lagom arsino, A ppl. Phys. Lett., 
Vol. 62-19 (1993), p. 2335.
[43] C .R . Selvakum ar, IE E E  E lectron  Dev. Lett. 12 (8) 1991
[44] F. C om i, S. F rabboni, G. O ttaviani, G. Q ueirolo, D . B isero, C. B resolin , R. 
Fabbri, M . Servidori, J. A ppl. Phys. 71-6 (1992), p. 2644.
[45] K.I. Shoji, A. Fukam i, T. N agano, T. Tolcuyama, C .Y . Y ang, Appl. Phys. 
Lett., Vol. 6 0 -4 (1 9 9 2 ), p. 451.
[46] J.M . C ow ley, H igh reso lu tion  m icroscopy o f  crystal defects and surface, 
A nnu. Rev. Phys. C hem ., V ol. 29 (1978), p. 251.
[47] G. Thom as, M .J. G oringe, T ransm ission E lectron M icroscopy  o f M aterials, 
W iley, N ew  Y ork (1979).
[48] J.F. Z iegler ed., Ion Im plantation  Science and T echnology  (1994).
141
[49] J.W . S trane, H .T . S tein, S .R . Lee, S.T. P icraux, J. W atanabe, J.W . M ayer, J. 
A ppl. Phys., Vol. 76 (1994), p. 3656.
[50] H. K rautle, R adiation  E ffects, Vol. 24 (1975), p. 255.
[51] G. M ezey, S.M . M atteson , J. G yulay, N ucl. Instr. and M eth., Vol. 182-183 
(1981), p. 587.
[52] P.L .F. H em m ent, F. C ristiano, A. N ejim , S. L om bardo, K .K . Larssen, F. 
P riolo, R .C . B ark lie, J. Cryst. G row th, V ol. 157 (1995), p. 147.
[53] M . B erti, G. M azzi, L. C alcagnile , A. D rigo, P. M erli, A . M igliori, J. M ater. 
R es., Vol. 6 (1991), p. 2120.
[54] D .C . Paine, N .D . E vans, N .G . S toffel, J. A ppl. Phys., Vol. 70  (1991), p. 
4278.
[55]D .C . Paine, D .J. H ow ard, N .G . S toffel, J. E lectron. M ater., Vol. 20 (1991), p. 
735.
[56] R .G . E llim an, W .-C . W ong, P. K ringhoh, M ater. Res. Soc., Sym p. Proc., Vol. 
31 6 (1 9 9 4 ), p. 205.
[57] A. Fukam i, K. Shoji, T . N agano, C .Y . Yang, A ppl. Phys. Lett., Vol. 57-22 
(1990), p. 2345.
[58] F. Corni, S. F rabboni, R . T onini, G. O ttaviani, G. Q ueiro lo , J. Appl. Phys., 
Vol. 79-7 (1996), p. 3528.
[59] G. C urello , R . G w illiam , M . H arry, R .J. W ilson, B .J. Sealy, D. Rodriguez, J. 
Jim enez-Leube, M at. R es. Soc. Sym p. Proc., V ol. 402 (1996), p. 411.
[60] W .C . W ong, R .G . E llim an , M at. R es. Soc. Symp. Proc., V ol. 321 (1994), p. 
491.
[61] F. C ristiano, A. N ejim , Y u. Suprun-B elevich, A. C laverie , P .L .F . H em m ent, 
N ucl. Instr. and M eth. In Phys. R es. B , V ol. 147 (1999), p. 35.
[62] P. Kringhoj, R .G . E llim an , Phys. Rev. Lett., Vol. 73-6 (1994), p. 858.
[63] R .G . E llim an, W . C. W ong, A ppl. Phys. Lett., V ol. 69-18 (1996), p. 2677.
[64] S. Im , J. W ashburn, R . G ronsky, N .W . Cheung, IC.M. Yu, A ppl. Phys. Lett., 
Vol. 63 (1993), p. 929.
[65] A. G upta, M .M . R ahm an, J. Q iao, C .Y . Yang, S. Im , N .W . Cheung, P.K .L. 
Y u., J. Appl. Phys., V ol. 75-8 (1994), p. 4252.
[66] J.W . M ayer, L. E riksson , J.A . D avis, Ion Im plantation in Sem iconductors, 
A cadem ic Press (1970).
142
[67] A. Baba, D. Bai, T. Sadoh, A. Kenjo, H. Nakashima, H. Mori, T.
Tsurushima, Nucl. Instr. and Meth. B, Vol. 121 (1997), p. 299.
[68] M.D. Giles, “Ion Implantation”, in VLSI Technology Second Edition, S.M. 
Sze ed., (1988).
[69] J.W. Matthews, A.E. Blakeslee, J. Crystal Growth, Vol. 29 (1975), p. 273.
[70] J.W. Matthews, A.E. Blakeslee, J. Crystal Growth, Vol. 32 (1976), p. 265.
[71] W.A. Jesser, B.A. Fox, J. Elec. Mater., Vol. 19-11 (1990), p. 1289.
[72] K.S, Jones, S. Prussin, E.R. Weber, Appl. Phys. A, Vol. 45 (1988), p. 1.
[73] L.J. Chen, I.W. Wu, J. Appl. Phys., Vol. 52 (1981), p. 3310.
[74] D.K. Sadana, J. Washburn, G.R. Booker, Philos. Mag. B, Vol. 46 (1982), p. 
611.
[75] M. Pasemann, D. Hoehl, A.L. Aseev, and O.P. Pchelyakov, Phys. Stat. Solidi 
(a), Vol. 80 (1983), p. 135.
[76] A. Cacciato, J.G.E. IClappe, N.E.B. Cowern, W. Vandervost, L.P. Biro’, J.S. 
Custer, and F.W. Saris, J. Appl. Phys., Vol. 79 (1996), p. 5.
[77] R.J. Schreutelkamp, J.S. Custer, J.R. Liefting, W.X. Lu, F.W. Saris, Mater. 
Sci. Rep., Vol. 6 (1991), p. 275.
[78] A. Claverie, L. Laanab, C. Bonafos, C. Bergaud, A. Martinez, D. Mathiot, 
Nucl. Instr. and Meth. B, Vol. 96 (1995), p. 202.
[79] J. Washburn, C.S. Murty, D.K. Sadana, P. Byrne, R. Gronsky, N. Cheung, R. 
Kilaas, Nucl. Instr. and Meth., Vol. 209 (1983), p. 345.
[80] C. Carter, W. Maszara, D.K. Sadana, G.A. Rozgonyi, J. Liu, J. Wortman, 
Appl. Phys. Lett., Vol. 44-4 (1984), p. 459.
[81] L.D. Glowinski, K.N. Tu, P.S. Ho, Appl. Phys. Lett., Vol. 28-6 (1976), p. 
312.
[82] T.E. Seidel, R. Knoeli, G. Poli, B. Schwartz, F.A. Stevie, P. Chu, J. Appl. 
Phys., Vol. 58-2 (1985), p. 683.
[83] E. Rimini, Ion Implantation: Basic To Device Fabrication, ed. by KAP.
[84] D.K. Sadana, J. Washburn, G.R. Booker, Phil. Mag., B, Vol. 46 (1982), p. 
611.
[85] C.F. Cerofolini, L. Meda, M.L. Polignano, G. Ottaviani, H. Bender, C. 
Claeys, A. Armigliato, S. Solmi, J. Electrochem. Soc., Vol. 133-3 (1986), p. C103.
143
[86] B. de Mauduit, L. Laanab, C. Bergaud, M.M. Faye, A. Martinez, A. Claverie, 
Nucl. Instr. and Meth. B, Vol. 84 (1994), p. 140.
[87] H. Foell, T.Y. Tan, W. Rracow, in: Defects in Semiconductors Vol. 2, J. 
Narayan and T.Y. Tan ed., North-Holland, N.Y. (1981), p .13.
[88] K.S. Jones, D. Venables, J. Appl. Phys., Vol. 69 (1991), p. 2931.
[89] J. Narayan, O.W. Holland, J. Appl. Phys., Vol. 56 (1984), p. 2913.
[90] C.D. Meekinson, C. Hill, C.D. Marsh, D. P. Gold, D.R. Boys, G.R. Booker, 
IOP Conf. Ser. 117 (IOP, Oxford, 1991), section 4, p. 197.
[91] L. Laanab, C. Bergaud, M.M. Faye, J. Faure, A. Martinez, A. Claverie, 
Mater. Res. Soc. Symp. Proc., Vol. 279 (1993), p. 381.
[92] L. Laanab, C. Bergaud, C. Bonafos, A. Martinez, A. Claverie, Nucl. Instr. 
and Meth. B, Vol. 96 (1995), p. 236.
[93] J.R. Liefting, J.S. Custer, R.J. Schreutelkamp, F.W. Saris, Mater. Sci. Eng. B, 
Vol. 15 (1992), p. 173.
[94] R.B. Fair, J.C.C. Tsai, J. Flectrochem. Soc., Vol. 124 (1977), p. 1107.
[95] A. Claverie, C. Bonafos, A. Martinez, D. Alquier, Solid State Phenomena, 
Vols. 47-48 (1996), pp. 195.
[96] D.J. Eaglesham, P.A. Stolk, H.J. Gossmann, J.M. Poate, Appl. Phys. Lett.., 
Vol. 65 (1994), p. 2305.
[97] P.A. Stolk, H.J. Gossmann, D.J. Eaglesham, D.C. Rafferty, G.H. Gilmer, M. 
Jaraiz, J.M. Poate, H.S. Luftman, T.E. Haynes, J. Appl. Phys., Vol. 81 (1997), p. 
6031.
[98] C. Bonafos, D. Mathiot, A. Claverie, J. Appl. Phys., Vol. 83 (1998), p. 3008
[99] K.S. Jones, L.H. Zhang, V. Krishnamoorthy, M. Law, D.S. Simons, P. Chi, 
L. Rubin, R.G. Elliman, Appl. Phys. Lett., Vol. 68 (1996), p. 2672.
[100] C. Bonafos, A. Claverie, M. Omri, D. Mathiot, D. Alquier, A. Martinez, J. 
Appl. Phys., Vol. 82-6 (1997), p. 2855.
[101] A. Claverie, L.F. Giles, M. Omri, B. De Maduit, G. Ben Assayag, D. 
Mathiot, Nucl. Instr. And Meth. In Phys. Res. B, Vol. 147 (1999), p .l.
[102] A.E. Michel, W. Raush, P.A. Ronsheim, R.H. Kastl, Appl. Phys. Lett., Vol. 
50-7 (1987), p. 416.
[103] S. Takeda, M. Kohyama, IC. Ibe, Phil. Mag. A, Vol. 70 (1994), p. 287.
[104] M. Seibt, E. Spiecker, Solid State Phenom., Vol. 47-48 (1996), p.205.
144
[105] C.D. Meekison, Phil. Mag. A., Vol. 69-2 (1994), p.379.
[106] M. Omri, C. Bonafos, A. Claverie, A. Nejim, F. Cristiano, D. Alquier, A. 
Martinez, N.E.B. Cowern, Nucl. Instr. And Meth. In Phys. Res. B, Vol. 120 (1996), 
p. 5.
[107] B. Colombeau, F. Cristiano, A. Altibelli, C. Bonafos, G. Ben Assayag, A. 
Claverie, Appl. Phys. Lett., Vol. 78-7 (2001), p. 940.
[108] M.D. Giles, J. Electrochem. Soc., Vol. 138 (1991), p. 1160.
[109] F. Cristiano, B. Colombeau, B. De Maudiut, C. Bonafos, G. Benassayag, A. 
Claverie, Mat. Res. Soc. Symp. Proc., Vol. 717 (2002), p. 231.
[110] L.H. Zhang, K.S. Jones, P.H. Chi, D.S. Simons, Appl. Phys. Lett., Vol. 67- 
14 (1995), p. 2025.
[111] H.G.A. Huizing, C.C.G. Visser, N.E.B. Cowern, P.A. Stolk, R.C.M. de 
Kruif, Appl. Phys. Lett., Vol. 69-9 (1996), p. 1211.
[112] M.J. Caturla, M.D. Johnson, T. Diaz de la Rubia, Appl. Phys. Lett., Vol. 72- 
21 (1998), p. 2763.
[113] N.E.B. Cowern, D. Alquier, M. Omri, A. Claverie, A. Nejim, Nucl. Instr. 
and Meth. In Phys. Res. B, Vol. 148 (1999), p. 257.
[114] A. Claverie, C. Bonafos, M. Omri, B. De Maudit, G. Ben Assayag, A. 
Martinez, D. Alaquier, D. Mathiot, Mat. Res. Soc. Symp. Proc., Vol. 438 (1997), p. 
3.
[115] D. Alquier, N.E.B. Cowern, P. Pichler, C. Armand, A. Martinez, D. 
Mathiot, M. Omri, A. Claverie, Mat. Res. Soc. Symp. Proc., Vol. 532 (1998), p. 67.
[116] A. Tanaka, T. Yamaji, A. Uchiyama, T. Hayashi, T. Iwabuchi, S. 
Nishikawa, Jpn. J. Appl. Phys., Vol. 29-2 (1990), p .191
[117] S.N. Hong, G.A. Ruggles, J.J. Wortman, E.R. Myers, J.J. Hren, IEEE Trans. 
Electron. Devices, Vol. 38 (1991), p. 28.
[118] R.J. Schreutelkamp, J.S. Custer, V. Ranieri, W.X. Lu J.R. Liefting, , F.W. 
Saris, K.T.F. Janssen, P.F.H.M. van der Meulen, Mater. Sci. Eng. B, Vol. 12 (1992), 
p. 179
[119] M. Servidori, S. Solmi, P. Zaumseil, U. Winter, M. Anderle, J. Appl. Phys., 
Vol. 65 (1989), p. 98.
[120] U.N. Straube, A.M. Waite, A.G.R. Evans, A. Nejim, P.L.F. Hemment, 
Electronics Letters, Vol. 37-25 (2002), p. 1549.
145
[121] M.J. Goeckner, S.B. Felch, Z. Fang, D. Lenoble, J. Galvier, A. Groullet, 
European Semiconductor, Vol. 49 (1999).
[122] H. Kawaura, T. Sakamoto, T. Baba, Y. Ochiai, J. Fujita, J. Sone, IEEE 
Electron Device Lett., Vol. 19-3 (1998), p. 74-76.
[123] Y. Ochiai, S. Manako, S. Samukawa, K. Takeuchi, T. Yamamoto, 
Mieroelec. Eng., Vol. 30 (1996), p. 415-418.
[124] D.C. Paine, D.J. Howard, N.G. Stoffel, J.A. Horten, J. Mater. Res., Vol. 5 
(1990), p. 1031
[125] L.J. Van der Pauw, Philips Research Reports, Vol. 13 (1958), p. 1.
[126] M. Pawlik, J Vac Sci Technol B, Vol. 10 (1992), p. 388.
[127] T. Clarysse, W. Vandervorst, Solid-State Electron., Vol. 31 (1988), p. 53.
[128] H.L. Berkowitz, R.A. Lux, J Electrochem. Soc., Vol. 128 (1981), p. 1137.
[129] ESPRIT 1 Project 519, “Dopant profiling for submicron structures”, 
retrieved from http://dbs.cordis.lu/cordis-cgi/srchidadb?ACTION=D&SESSION 
=140202003-5-24&DOC=14&TBL=EN_PROJ&RCN=EPJRCN:8525&CALLER= 
EISIMPLE_EN_PROJ.
[130] ESPRIT 1 Project 305, “Assessment of silicon MBE layers”, retrieved from 
http://dbs.cordis.lu/cordis-cgi/srchidadb? ACTION=D&SESSION=l 40202003-5- 
24&DOC=l 5 &TBL=EN_PRO J &RCN=EP_RCN: 8535&C ALLER=EISIMPLE_EN 
_PROJ.
[131] Dr. Marek Pawlik, personal communication (15/05/2003).
[132] Dr. Vittorio Privitera, personal communication (13/06/2003).
[133] SILVACO International, Atlas Device Simulation Software User’s Manual, 
Vol. 1 (2003).
[134] R.M. Gwilliam, G. Curello, B.J. Sealy, A. Rodriguez, M.L. Botella, T. 
Rodriguez, Proc. 11th International Conference on IIT, IEEE (1997), p. 694.
[135] M.J. Rack, T.J. Thornton, D.K. Ferry, J. Roberts, R. Westhoff, Semicond. 
Sci. Technol., Vol 15 (2000), p. 291.
[136] Z. Atzmon, M. Eizenberg, Y. Shacham-Diamand, J.W. Mayer, F. Schaffler, 
J. Appl. Phys., Vol. 75-1 (1994), p. 377.
[137] R.B. Fair, in Rapid Thermal Processing, Science and Technology, Ed. R.B. 
Fair ,Academic Press (1993), p. 169.
146
[138] V.S. Tishkov, P.I. Gaiduk, S. Yu. Shiryaev, A. Nylandsted Larsen, Appl. 
Phys. Lett., Vol. 68 (1996), p. 655.
[139] F. Cristiano, A. Nejim, Y. Suprun-Belevich, A. Claverie, P.L.F. Hemment, 
Nucl. Instr. and Meth. In Phys. Res. B, Vol. 147 (1999), p. 35.
[140] N. E. B. Cowern, A. Cacciato, J. S. Custer, F. W. Saris, W. VanderVorst, 
Appl. Phys. Lett., Vol. 68 (1996), p. 1150.
[141] Z. Atzmon, M. Eizemberg, Y. Shacham-diamand, J.W. Mayer, F. Shaffler, 
J. appl. Phys. Vol. 75 (1994), p. 377.
[142] L.-F. Zou, S.E. Acosta-Ortiz, LuXin Zou, R.E. Luna, G.A. Perez-Herrera, 
L.E. Regalado, Nucl. Instr. and Meth. In Phys. Res. B, Vol. 152 (1999), p. 60.
[143] D.F. Downey, S.D. Marcus, J.W. Chow, J. Elec. Mat., Vol. 27-12 (1998), p. 
1296.
[144] J.R. Taylor, “An introduction to error analysis: the study of uncertainties in 
physical measurements”, 2nd Ed. University Science Books (1996).
[145] H. Ryssel, I. Ruge, Ion Implantation, Wiley (1986).
[146] S. Whelan, V. Privitera, G. Mannino, M. Italia, C. Bongiorno, E. Napolitani, 
E.J.H. Collart, J.A. van den Berg, Nucl. Instr. and Meth. In Phys. Res. B, Vol. 186 
(2002), p. 271.
[147] L.E. Kay, T.-W. Tang, J. Appl. Phys., Vol. 70 (1991), p. 1483.
[148] K. Sasaki, Y. Nabetani, H. Miyashita, T. Hata, Thin Solid Film, Vol. 396 
(2000), p. 171.
[149] T. Manku, J.M. McGregor, J.-P. Noel, D.C. Hougton, IEEE Trans, on Elec. 
Devices, Vol. 40-11 (1993), p. 1990.
[150] E.S. Yang, Microelectronic Devices, McGraw-Hill International (1988).
[151] E.J.H. Collart, K. Weemers, D.J. Gravesteijin, J.G.M. van Berkum, J. Vac. 
Sci. Technol. B, Vol. 16-1 (1998), p. 280.
[152] T.E. Whall, E.H.C. Parker, Thin Solid Films, Vol. 369 (2000), p. 297.
[153] B.M.M. McGregor, R.J.P. Lander, P.J. Philips, E.H.C. Parker, T.E. Whall, 
Appl. Phys. Lett., Vol. 74-9 (1999), p. 1245.
[154] Q. Lu, M.R. Sardela Jr., T.R. Bramblett, J.E. Greene. J. Appl. Phys., Vol. 
80-8 (1996), p. 4458.
[155] K.B. Joelsson, Y. Fu, X-X. Ni, G.V. Hansson, J. Appl. Phys., Vol. 81-3 
(1997), p. 1264.
147
[156] Y.V. Mamontov, M. Willander, Solid-State Electron., Vol 38 (1995), p. 
599.
[157] J.M. McGregor, T. Manlcu, J.-P. Noel, D.J. Roulston, A. Nathan, D.C. 
Houghton, J. Electron. Mat., Vol. 22-3 (1993), p 319.
[158] H J. Stein, F.L. Voolc, D.K. Brice, J.A. Borders, S.T. Picraux, in 
Proceedings of the l sl international conference on ion implantation, London: Gordon 
and Breach (1971), p. 17.
[159] N.E.B. Cowern, D. Alquier, M. Omri, A. Claverie, A. Nejim, Nucl. Instr. 
and Meth. In Phys. Res. B, Vol. 148 (1999), p. 257.
[160] H. Park, M. E. Law, Appl. Phys. Lett., Vol. 58-7 (1990), p. 732
[161] R. Kim, T. Aoki, T. Hirose, Y. Furuta, S. Hayashi, T. Shano, K. Taniguchi, 
IEDM Tech. Dig. (2000), p. 523
[162] Lyu-fan Zou, Z.G. Wang, D.Z. Sun, T.W. Fan, X.F. Liu, J.W. Zhang, Nucl. 
Instr. and Meth. In Phys. Res. B, Vol. 122 (1997), p. 639.
[163] P Kuo, J.L. Hoyt, J.F. Gibbons, J.E. Turner, D. Lefforge, Mat. Res. Soc. 
Symp. Proc.., Vol. 379 (1995), p. 373.
[164] N. Moriya, L.C. Feldman, H.S. Luftman, C.A. King, J. Bevk, B. Freer, 
Phys. Rev. Lett., Vol. 71 (1993), p. 883.
[165] G.H. Loechelt, G. Tam, J.W. Steele, L.K. Knoch, K.M. Klein, J.K. 
Watanabe, J.W. Christiansen, J. Appl. Phys., Vol. 74 (1993), p. 5520.
[166] C. Salm, D.T. van Veen, D.J. Gravesteijn, J. Holleman, P.H. Woerlee, J. 
Electrochem. Soc., Vol. 144-10 (1997), p. 3665.
[167] D.Y.C. Lie, J.H. Song, M.-A. Nicolet, N.D. Theodore, J. Candelaria, S.G. 
Thomas, M.O. Tanner, K.L. Wang, Mat. Res. Soc. Sym. Proc., Vol. 379 (1995), p. 
467.
[168] P.I. Gaiduk, V.S. Tiskov, S.Yu. Shiryaev, A. Nylandsted Larsen, J. Appl. 
Phys., Vol. 84-8 (1998), p. 4185.
[169] D. Nobili, S. Solmi, A. Parisini, M. Derdour, A. Armigliato, L. Moro, Phys. 
Rev. B, Vol. 49 (1994), p. 2477.
[170] Jianjun Xie, S.P. Chen, J. Appl. Phys., Vol. 87-9 (2000), p. 4160.
[171] D.W. Lawether, U. Myler, P.J. Simpson, P.M. Rousseau, P.B. Griffin, J.D. 
Plummer, Appl. Phys. Lett., Vol. 67-24 (1995), p. 3575.
[172] M. Uematsu, J. Appl. Phys., Vol. 82-5 (1997), p. 2228.
148
[173] K.C. Pandey, A. Erbil, G.S. Cargill III, R.F. Boheme, D. Vanderbilt, Phys. 
Rev. Lett., Vol. 61 (1988), p. 1282.
[174] A. Parisini, A. Bourret, A. Armigliato, M. Servidori, S. Solmi, R. Fabbri, 
J.R. Regnard, J.L. Allain, J. Appl. Phys., Vol. 67-5 (1990), p. 2320.
[175] R. Angelucci, A. Armigliato, E. Landi, D. Nobili, S. Solmi, Proc. 
ESSDERC’87, Bologna, Italy (1987), p. 405.
[176] A. Armigliato, D. Nobili, S. Solmi, A. Bourret, P. Werner, J. Electrochem. 
Soc., Vol. 133 (1986), p. 2560.
[177] M. Uematsu, Jpn. J. Appl. Phys., Vol. 39 (2000), p. 1006.
[178] S. Eguchi, J.L. Hoyt, C.W. Leitz, E.A. Fitzgerald, Appl. Phys. Lett., Vol. 
80-10 (2002), p. 1743.
[179] N.E.B. Cowern, K.T.F. Janssen, G.F.A. van de Walle, D.J. Gravesteijn, 
Phys. Rev. Lett., Vol. 65-19 (1990), p. 2434.
[180]N.E.B. Cowern, G.F.A. van de Walle, D.J. Gravesteijn, C.J. Vriezema, Phys. 
Rev. Lett., Vol. 67-2 (1991), p. 212.
[181] N.E.B. Cowern, G. Mannino, P.A. Stolk, F. Roozeboom, H.G.A. Huizing, 
J.G.M. van Berkum, F. Cristiano, A. Claverie, M. Jaraiz, Phys. Rev. Lett., Vol. 82-22 
(1999), p. 4460.
[182] C.S. Nichols, C.G. van de Walle, S.T. Pantelides, Phys. Rev. Lett., Vol 62 
(1989), p. 1049.
[183] N.E.B. Cowern, K.T.F. Janssen, G.F.A. van de Walle, D.J. Gravesteijn, 
Phys. Rev. Lett., Vol. 65-19 (1990), p. 2434.
[184] N.E.B. Cowern, G.F.A. van de Walle, D.J. Gravesteijn, C.J. Vriezema, 
Phys. Rev. Lett., Vol. 67-2 (1991), p. 212.
[185] N.E.B. Cowern, G. Mannino, P.A. Stolk, F. Roozeboom, H.G.A. Huizing, 
J.G.M. van Berkum, F. Cristiano, A. Claverie, M. Jaraiz, Phys. Rev. Lett., Vol. 82-22 
(1999), p. 4460.
[186] N. Cowern, C. Rafferty, MRS Bulletin, June 2000, p. 39.
[187] R.B. Fair, J.C.C. Tsai, J. Electrochem. Soc., Vol. 124 (1977), p. 1107.
[188] A. Claverie, L.F. Giles, M. Omri, B. De Maduit, G. Ben Assayag, D. 
Mathiot, Nucl. Instr. and Meth. In Phys. Res. B, Vol. 147 (1999), p. 1.
149
[189] F. Cristiano, B. Colombeau, C. Bonafos, J. Aussoleil, G. Ben Assayag, A. 
Claverie, Proceedings of the International Conference on Simulation of 
Semiconductor Processes and Devices (2001), p. 30.
[190] B. Colombeau, F. Cristiano, A. Altibelli, C. Bonafos, G. Ben Assayag, A. 
Claverie, Appl. Phys. Lett., Vol. 78-7 (2001), p. 940.
[191] N.E.B. Cowern, D. Alquier, M. Omri, A. Claverie, A. Nejim, Nucl. Instr. 
and Meth. in Phys. Res. B, Vol. 148 (1999), p. 257.
[192] B. Colombeau, F. Cristiano, F. Olivie, C. Amand, G. Ben Assayag, A. 
Claverie, Nucl. Instr. and Meth. in Phys. Res. B, Vol. 186 (2002), p. 276.
[193] H.H. Radamson, O. Nur, W.-X. Ni, K.B. Joelsson, M. Willander, L. 
Hultman, G.V. Hansson. Semicond. Sci. Technol. Vol. 11 (1996), p. 1396.
[194] Z. Atzmon, M. Eizenberg, Y. Shacham-Diamand, J.W. Mayer, F. Schaffler, 
J. Appl. Phys., Vol. 75 (1994), p.377.
150

